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ABSTRACT 
This thesis reveals several aspects of the electrophysiological properties of the 
Hl and V2 neurons (the large-field motion-detectors) in the lobula plate of the 
blowfly Lucilia cuprina, by investigating the responses of about 170 cells to a bar 
or a grating movement with a continued motion, or a brief jump, or a 
sinusoidally modulated velocity, in experiments lasting many hours on each cell. 
The temporal properties of the Hl and V2 neurons are studied mainly in 
Chapter 3, involving the transient response characteristics, the afterimage effects 
of the stimulus and their influences on the responses of the neurons, the 
temporal integration, and the temporal similarity of the Hl and V2 neurons. 
Then, attention is drawn to the spatial properties of the neurons ( Chapter 4 ), 
where the possible spatial structure of the elementary motion detectors (EMDs ), 
the response spatial interaction, the lateral interactions between the EMDs, and 
the possibility that two kinds of motion detection channels are involved. 
Finally, the measurements of the LFMDs are examined in Chapter 5. The results 
demonstrate that the Hl neuron mainly measures velocity contrast in the steady 
state, irrespective of mean velocity, acceleration, velocity modulation frequency, 
spatial frequency, contrast frequency, and intensity contrast. 
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CHAPTER ONE 
GENERAL INTRODUCTION 
l 
'l 
1-1. Functions of motion detection systems. 
I 
"' 
Motion detection is a basic function of the visual system, serving many aspects of 
vision, for example, to define object boundaries relative to a distant background 
,, (Nakayama and Loomis 1974), to pick up the three-dimensional arrangement of 
the environment (Hildreth and Koch 1987), to judge relative depth (Prazdny 
1980), or to estimate time to contact (Lee 1980, Wagner 1982). Study of the 
' 
I 
motion detection system of insects provides a practical way to understand how 
I the information is processed in a relatively simple biological system with some 
I hope of success, to help solve, for example, human vision research and robot 
vision. Over the past decades, many efforts have been made on various insect 
species with different experimental methods. Motion-sensitive neurons have 
already been found in different levels of the nervous system of insects, for 
example, those discovered early (Burtt & Catton 1954; Horridge et al. 1965; 
,, 
Collett and Blest 1966; Bishop and Keehn 1966), to those recently found in the 
bee (Kaiser 1970 and DeVoe et al. 1982; Hertel and Maronde 1987), the fly 
(Hausen 1981; Eckert 1982; Hengstenberg et al. 1982; Umeda and Tateda 1985; 
Egelhaaf 1985), the locust (Kien 1974; Osorio 1986) and the moth (Rind 1983). 
• Reviews of directionally selective motion neurons in the optic lobes of insects 
I 
have been made by some authors (for example Wehner 1981). Although no 
"' 
actual synaptic mechanisms of directional motion detectors have been revealed, 
I' 
many artificial models and algorithms have been proposed and tested (O'Shea 
I 
' 
and Rowell 1977; Ullman 1981; Buchner 1984; Rind 1987). 
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1-2. Structures of motion detectors. 
There is strong evidence that the insect motion detection system consists of 
thousands of elementary motion detector subunits (EMD's ), all of similar 
morphological and physiological properties, which respond in parallel to the 
movement of whatever is in their visual field and send the information to a 
large-field collector neuron called a large-field motion-detection neuron 
(LFMDN). The theoretical structure of the EMD proposed over the past 25 
years involves the fundamental idea that, for correct indication of the direction 
of movement, a multiplication or subtraction is carried out between the signals 
from each adjacent pair of visual receptors. 
The correlation model. 
One of the well known models for the EMD based on the idea of multiplication 
is the correlation model (Hassenstein and Reichardt 1953, 1956), and several 
variants of it (Thorson 1966; Kirschfeld 1972;Buchner 1976; Mastebroek et al. 
1980;van Santen and Sperling 1985). In this model, the motion is the 
autocorrelation of a pattern with itself displaced in time and space. One receptor 
picks up a modulation from the pattern; the adjacent receptor receives the same 
modulation a moment later. Therefore if the first modulation is delayed and 
then multiplied continuously with the second where they converge, the output 
reaches a maximum when the temporal repeat period of the pattern matches the 
delay irrespective of the spatial frequency. The model has successfully explained 
the time-averaged optomotor response of walking or flying flies to continuously 
moving periodic and nonperiodic stimulus patterns (see reviews by Reichardt 
1961, 1969, 1987; Gotz 1965, 1972; Poggio and Reichardt 1976; Buchner 1984 ), 
and even been used to modeling directionally selective motion detection in the 
visual system of vertebrates (Schouten 1967; Foster 1971; van Doorn and 
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Koenderink 1976; Bulthoff and Gotz 1979; van Santen and Sperling 1984; 
Wilson 1985; Emerson et al.1987). The problems with this model are that many 
models make the same prediction, and in visual systems the stimulus is 
convolved with the fields of neurons, not the stimulus with itself. 
The gradient model. 
Quite a different model ( called the gradient model), recently proposed to 
measure the velocity of moving objects (Limb and Murphy 1975; Fennema and 
Thompson 1979), operates according to the formula: the angular velocity equals 
the rate of change of the receptor response with time, divided by the rate of 
change of the response with angle: 
V = d0/dt = dJ/dt : dJ/d0 
Here, vis velocity (0 / s ), 
0 is angular distance (degrees), 
I is illuminance. 
This computation was suggested as a model for motion detection in vertebrate 
cortical cells (Marr and Ullman 1981). 
Experiments on the fly (McCann 1974, Zaagman, Mastebroek & Kuiper 1978) 
indicate that directional motion detection is based on correlation-like interaction 
rather than on a gradient-computing mechanism. The above works do not 
contain the ideas that other systems may be used or that direction of motion may 
be detected by one mechanism, and angular velocity measured by another. 
However, recent work by Horridge & Marcelja (1990), with responses to bars 
which jump and reverse contrast, suggest that multiplication, and therefore 
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• 
autocorrelation, do not occur. This has been followed by similar work on random 
patterns (Horridge & Marcelja 1991). 
I 
j The visual signals processed in parallel by these EMDs then makes a summation 
, 
j on high level motion detectors (MDs). Elsewhere there must be additional 
higher level visual functions such as figure-background discriminations, detection I 
I 
of parallax and estimations of depth, by other neurons. One of the difficulties of 
analysis of nervous systems is that they contain arrays of neurons in parallel, 
converging upon similar arrays, so that you never know what is happening in 
: 
other neurons that are not being recorded simultaneously. 
I 
I 
I 
' 1-3. The problems we faced in this thesis. 
J 
I 
: 
What simple features should we measure to clarify the operation of such higher 
I 
I level mechanisms? Which details are significant in recording their activity? How 
can we elucidate the optimization processes and compromises that have evolved 
in a parallel processing array to enable the neurons to function so effectively? 
Clearly, when only one neuron can be observed at one time the temporal and 
spatial properties of neurons become significant. A second difficulty is how to 
I analyze a system which is apparently part of a feedback circuit when we have 
only one of the neurons which we believe interacts with its own inputs. Again, 
I 
the temporal relations of the excitation at different points in the circuit become 
la significant. 
I 
I• Questions that can be addressed now are: (a) what aspects of the motion 
~ information do the EMDs pick up from the environment; (b) what are the 
temporal and spatial characteristics of this processing; ( c) how many types of 
11 EMD exist in the motion detection system; and ( d) do all EMDs have the same 
n temporal and spatial properties. So far little attention has been paid to these 
l!l 1 
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important details of motion detection, but, even appropriate methods of 
investigation have not been forthcoming. Therefore we addressed these 
problems by quantitatively analyzing the responses of the motion-sensitive 
neurons of the fly lobula plate with different motion stimulations. The main 
reason for choosing these neurons is that they are well-known in morphology 
(Hausen 1981), they can be consistently isolated and recorded extracellularly for 
a long time, they sum the responses of many EMDs in parallel, and their 
responses apparently reflect the properties of many similar EMD channels 
feeding into one neural network. 
1-4. The Hl and V2 neurons - the large-field motion-detectors. 
The neurons recorded in the fly lobula plate include wide-field motion-sensitive 
directionally-selective neurons responding to flow field components for all 
possible degrees of freedom of the fly's motion (Hausen 1981). They were 
divided into two main groups according to their directional selectivity, i.e., (H), 
sensitive to horizontal motion and (V), sensitive to vertical motion. The majority 
of my recordings were made from two already-identified neurons known as the 
Hl and V2 neurons (Hausen 1976; Eckert 1980; Maddess & Laughlin 1985). The 
Hl neuron is readily found and separated from other neurons; it is located at the 
posterior part of the lobula plate and crosses the brain to the opposite optic 
lobe, a feature which effectively separates it from other motion-sensitive neurons 
and also leaves undisturbed the stimulated eye and optic lobe. The Hl neuron 
responds to regressive motion of any contrasting stimulus across the eye i.e. from 
posterior to anterior at the side of the eye ( called the prefered direction), and is 
inhibited by forward motion of the eye (null direction). This neuron can be 
recorded for many hours with an extracellular electrode. Its receptive field 
covers the entire ipsilateral eye, and is believed to receive a retinotopic array of 
inputs either directly from the medulla, or via the outer lobula ( e.g. Strausfeldt 
I 
I 
I 
I 
I 
I 
I~ 
In 
II 
I 
.. 
' 
l 
I 
I 
6 
1984 ); i.e. it has numerous inputs in parallel from the whole field of the eye; it 
has a projection to the contralateral optic lobe where it presumably interacts 
with other visual information. Thus it is probably a fourth or fifth order 
interneuron. 
1-5. Previous work on Hl and V2. 
Most of the introductory work on the Hl neuron originated from the research of 
Masterbroek (1974), Dvorak & Bishop (1975), and Hausen (1976). In the early 
days the Hl neuron was just one of the directionally-selective movement 
receptors with a wide contralateral field. Subsequently, quartitative work was 
done by the group at Groningen, Netherlands .. Attention was first directed to the 
statistical properties of the spike train (Zaagman 1977). Apart from a small 
excess of short intervals between them, the spikes are Poisson-distributed in 
time. The distribution of inter-spike intervals is exponential, with variance 
proportional to the mean interval (if bursts of spike are arbitrarily excluded), a 
feature which can be explained for any neurons as preventing false cross-
correlations between different neurons with a background discharge. 
The V2 neuron is of particular interest to us here, because only a few works deal 
with it (Hausen 1976 a & b; 1981). By making a comparison with the Hl neuron 
it provides us with a practical chance to reveal whether or not all motion 
detectors consist of the same or similar EMDs. So the experiments are mainly 
exploring the characteristics of the V2 neuron, which is a heterolateral cell 
connecting both sides of the lobula plate; its preferred direction is ipsilateral 
downward motion and, a weak response also can be elicited by regressive 
motion. 
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The typical response of the V2 neuron is shown in Fig.1-1. The stimulus was a 
sine wave grating of spatial frequency 0.14 eye/ deg, and intensity contrast 0.3, 
moving either upward or downward with a speed of 16.6 deg/sec for 0.83 
seconds, with a stationary phase of 0.83 seconds between the motion phases. The 
response was measured as the firing frequency of the neuron, averaged over 100 
repetitions of the stimulus. The response to motion in the preferred direction 
consists of an initial transient peak followed by a steady maintained component. 1 
I 
I 
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CHAPTER TWO 
GENERAL METHODS AND MATERIAL 
2-1. Material - Blowfly. 
Cultured female sheep blowflies, Lucilia cuprina, were obtained from the 
CSIRO, Division of Entomology, Blowfly Genetics Group, Canberra ACT. They 
were a standard wild strain, kept in natural daylight and fed on sugar solution. 
2-2. Preparation. 
After being chilled for 60 to 90 seconds, the flies were waxed to an articulated 
stand on a ball joint. Carbon dioxide was not used. The head and eye were then 
aligned to the centre of the screen of a cathode ray tube (type 609 with P31 
phosphor) as described by Maddess & Laughlin (1985). For optimum 
stimulation, the flies were oriented so that a point 30 degrees lateral to the fly's 
midline on the equator of the eye pointed to the centre of the screen, the animal 
sat 10 cm from the CRT, and the screen was masked with a 10 cm diameter 
circle, making the screen subtend 58 degrees at the eye. 
2-3. Recording. 
The recordings were made from the contralateral side, leaving the ipsilateral 
side intact to view the stimulus. The condition of the response was judged 
according to the level of spontaneous spike rate. If the background discharge 
rate varied by more than 50 %, dropped below 5 Hz or climbed above 30 Hz, or 
became bursty, the cells were rejected, as described by Maddess & Laughlin 
(1985). The recording room was in darkness, with temperature controlled at 22° 
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+ 2°. All flies were light-adapted to their position in front of the screen, and 
illuminated at an average brightness of 7 cd/m *m for at least 20 min before 
recording, and first experiments were repeated at the end of a run to ensure 
consistency. 
2-4. Visual stimulus. 
Visual stimuli were generated by a computer (PDP 11/03) with a frame rate of 
160 Hz and vertical resolution of 1024 lines, corresponding to about 0.05° for 
each line in visual angle, which was similar to that used by Dvorak et al (1980). 
Stimuli were sine-wave or square-wave gratings, or a single bar with a 
rectangular intensity profile. Stimulus parameters under experimental control 
were mean velocity, acceleration, duration of continuous movement, and jump 
distance. Spikes were amplified by a Grass Preamplifier P16 with a high-pass 
filter of 100 Hz corner frequency, passed though a Schmitt trigger, collected by 
the on-line computer and displayed as post-stimulus time histograms with 
average numbers of spikes irt bins 6.5 ms wide. All results presented here were 
obtained by averaging between 50 and 100 trials. 
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CHAPTER THREE 
TEMPORALPROPERTIESOFTHELFMDS 
THE RESPONSES OF Hl AND V2 TO GRATING STIMULI 
Abstract 
In this part of the experiments, the Hl and V2 neurons were stimulated by sine 
and square wave gratings with a constant contrast of 0.3 and various moving 
speeds and spatial frequencies, to mainly test the temporal and spatial properties 
of the input channels - the presumedly elementary motion detectors (EMDs). 
The results indicate that both Hl and V2 neurons, in functional terms, possess 
EMD inputs with similar spatial and temporal structures. The EMDs are found 
to measure mainly the displacement of a stimulus which has been integrated in 
spatial and temporal domains in the transient response state, with a spatial 
discrimination of about 0.13°, linear integration distance of up to 0.4 ° and 
integration time about 13 ms to 60 ms, depending on the speeds. The EMDs may 
be able to discriminate motion velocities up to about 64 °/sin the transient state, 
since below this velocity the neurons can produce transient responses with 
different initial firing acceleration according to the various speeds. Another 
method, makes use of the afterimage effects which provides an influence of the 
stimulus spatial structure temporally on the EMD's responses. The Hl and V2 
neurons apparently assemble the motion signals from similarly structured EMDs 
which are sensitive in the same way to the contrast between previous and present 
light illuminance. Actually, there is no significant difference in the responses to 
the stimuli of sine-wave and square-wave gratings when testing afterimage 
effects, suggesting that the EMDs may simply count the number of passing 
edges. The direction-selectivity of the neurons is temporally lost when affected 
by the afterimage, but can be restored in response to a continuous movement 
which can efficiently eliminate the afterimage. 
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3-1. Introduction. 
A major part of the function of fly's neuron system is the detection of local 
motion in the complex visual environment of the animal. This filtering process is 
performed mainly by the medulla for small fields, and for large fields is already 
complete at the lobula plate, typically by the horizontal and vertical large-field 
motion-detection neurons. A knowledge of the properties of the H 1 and V2 
neurons, therefore, provides an important indication of the function of the 
motion detection system as a whole. Several characteristics of Hl and V2 are of 
particular interest in this chapter, notably temporal filtering, i.e, the response 
adaptation, the afterimage effects and the temporal integration of the response. 
When responding to a sudden motion, the Hl and V2 neurons fire normally in 
two phases - a initial transient part which mainly reflects stimulus strength, and a 
subsequent steady state in which the decline of response 1s determined 
eventually from the time of stimulus onset. So in the foil owing experiments, the 
investigation was concentrated mainly on the properties of the transient state by 
measuring the response strength and time constants versus the stimulus velocity 
and displacement, as well as the stimulus spatial frequency. 
The afterimage effect is an interesting feature of the motion detectors in their 
transient response state and probably represents the properties of the EMDs. If 
the neuron is exposed to a stationary periodic pattern for a while, then the 
response of the neuron oscillates in time when the pattern is moved. This 
oscillation in response amplitude was related to an afterimage of the periodical 
pattern by Maddess (1986). No doubt it must reflect some intrinsic properties of 
the motion detectors, so that studying the afterimage becomes a practical way to 
examine the spatial and temporal characteristics of the motion detector in the 
transient response state. 
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The Hl and V2 neurons are one of a group of big giant cells in the lobula plate 
of the flies (Hausen 1981), with a receptive field which covers much of one eye. 
In functional terms they receive visual information from the large number of 
parallel distributed elementary motion detectors (EMD's). The responses of Hl 
and V2 are generally thought to reflect an integration of the responses of the 
EMD's in the temporal and spatial domains (Srinivasan 1983), and are probably 
influenced by some kinds of lateral interaction and feed-back influences. So, at 
this stage it is time to determine the relationship between the response strength 
and the summation of stimulus displacements; to measure the integration time 
as well as the influence of stimulus velocity on it; and finally to examine the 
possibility of lateral interaction and feed-back loops in the fly's motion detection 
system. 
To satisfy our goals of this stage, square and sine-wave gratings are the most 
appropriate stimulus patterns, simply because a large part of the movements of a 
natural visual environment can be simulated and simplified by these pattern's 
motions, and because many response phenomena such as adaptation, afterimage 
and integration can be efficiently studied with these stimuli. 
3-2. Methods. 
The experiments were carried out on wild-type female sheep blowflies, Lucilia 
cuprina, which were obtained from lab colonies and were 7-10 days post 
emergence. The unanaesthetized fly was immobilized with wax on a movable 
ball joint stand, with the head bent forward; and then the right eye was 
positioned towards the centre of the screen of a cathode ray tube (type 609 with 
p31 phosphor) with the fly's midline 30° lateral to the screen. A small hole was 
cut in the back of the left side of the head and the air sacs overlying the 
recording site were carefully removed so that a small portion of the posterior 
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surface of the optic lobe was clearly exposed. A drop of saline was added into 
the exposed region as needed. A silver wire serving as the reference electrode 
penetrated this saline pool and was waxed. This procedure is the same as that of 
Dvorak, Srinivasan and French (1979). 
Square- and sine-wave gratings were produced on the computer driven CRT 
display, whose spectral output was well matched to the spectral sensitivity of the 
fly's photoreceptors (Dvorak et al, 1979). The refresh time of the pattern was 6.5 
ms and each frame contained 1024-lines. The gratings, with different spatial 
frequencies, mean luminances and luminance contrasts, could either be held 
stationary, or be made to drift in either horizontal or vertical directions at 
various velocities. 
Extracellular responses were recorded with tungsten microelectrodes (Hubel, 
1957) after the method of Merrill and Ainsworth (1972), amplified, filtered with 
100 Hz corner frequency and displayed in the standard manner. After a single 
cell was isolated and its preferred direction noted, normally two kinds of 
stimulus procedures were followed - one with prior-motion and the other 
without prior-motion. The responses were collected and stored by the on-line 
computer (PDP-11-3), which counted the number of spikes per picture refresh 
synchronized to the time of a velocity change, which was same as previously 
done in this laboratory (Maddess & Laughlin 1985). All the results presented 
here were obtained by averaging between 77 and 100 trials. 
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3-3. Experimental results. 
The results describe the responses of about 40 neurons recorded extracellularly 
from the lobula plate of the fly. These neurons fit into the class called wide-field 
directionally-selective motion-detecting neurons (DSMD) by Hausen 
(1976,1981), which were responding to a motion stimulus by increasing the spike 
firing rate in the preferred direction, and decreasing the spike frequency (the Hl 
neuron) or weakly firing (the V2 neuron) in the null direction. In this part we are 
dealing mainly with the transient response, from which the properties of the 
EMDs are inferred for both Hl and V2 cells in terms of their temporal and 
spatial parameters. Later the interaction between EMDs will be explored. 
Finally we expect to reveal some properties and characteristics of the 
directionally-selective motion-sensitive neurons. 
3-3-1. The afterimage effect of the LFMDs. 
The afterimage is easily demonstrated quite consistently on a Hl neuron (figure 
3-1 ). The stimulus pattern was a grating with a spatial frequency 0.15 deg/ eye, 
intensity contrast 0.3, and possessed a sine (a) or square (b) wave intensity 
profile. The pattern first remained stationary on the screen for two seconds to 
adapt the neuron, then moved at a constant speed of 80 deg/s for about 390 ms 
to elicit the response. The responses, averaged 100 times, show a clear 
sinusoidally-modulated oscillation, locked to the phase difference between the 
moving grating and its initial position. The peak amplitude of the response 
appeared at 180° phase separation from the initial position, and the trough at 
360°. The two response curves, generated by the sine and square wave gratings 
respectively, also coincided very well (figure 3-1). No significant difference was 
observed either in the response wave shapes or the modulation between the sine 
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F i g u r e  3 - 1 .  A n  e x a m p l e  o f  a f t e r i m a g e  e f f e c t s  o f  t h e  H I  n e u r o n .  T h e  s t i m u l u s  w a s  a  
v e r t i c a l  s i n e  o r  s q u a r e  w a v e  g r a t i n g  o f  s p a t i a l  f r e q u e n c y  0 . 1 5  e y e / d e g  a n d  c o n t r a s t  
0 . 3 .  T h e  a f t e r i m a g e  w a s  g e n e r a t e d  i n  t h e  f o l l o w i n g  s e q u e n c e .  T h e  g r a t i n g  f i r s t  
r e m a i n e d  s t a t i o n a r y  o n  t h e  s c r e e n  f o r  2  s e c o n d s  t o  a d a p t  t h e  n e u r o n ,  t h e n  m o v e d  i n  
t h e  p r e f e r r e d  d i r e c t i o n  a t  a  c o n s t a n t  s p e e d  o f  8 0  °  / s  f o r  a b o u t  4 0 0  m s  t o  r e v e a l  t h e  
a f t e r i m a g e .  T h e  n e u r o n  s h o w s  a n  o s c i l l a t i o n  o f  t h e  s p i k e  d i s c h a r g e .  T h e r e  i s  n o  
s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  r e s p o n s e  m o d u l a t i o n  t o  t h e  s i n e  w a v e  a n d  t h e  s q u a r e  
w a v e ,  s u g g e s t i n g  t h a t  t h e  t r a n s i e n t  r e s p o n s e  o f  t h e  E M D  e x t r a c t s  o n l y  t h e  
f u n d a m e n t a l  c o m p o n e n t  o f  t h e  p a t t e r n .  
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wave and the square wave grating, presumably because contrast is readily 
saturated. 
The similarity of the responses elicited by the sine wave grating and the square 
wave grating implies that the transient response of the EMD only extracts the 
fundamental component in the spatial frequency domain. Therefore when we 
make a theoretical simulation, it is only necessay to use a sine wave light 
intensity periodic grating at the fundamental frequency instead of using all 
frequencies in the stimulus pattern. We will next examine whether the contrast 
frequency is the only factor affecting the transient responses of the neurons with 
the afterimage or not, and whether both the V2 and the Hl neurons have the 
same afterimage, and the same EMD inputs, or use the same mechanisms. 
Two explanations of the afterimage effects have been proposed recently. One 
idea is that the afterimage is produced by local changes of the EMD sensitivity 
(Maddess 1986). It was suggested that the stationary or slowly moving periodic 
pattern alters the relative sensitivity of the eye regions, or neurons projecting 
from these regions, and that the alteration persists for several seconds. Another 
idea introduced by Egelhaaf (1988) was that the afterimage effect was 
introduced by a low pass filter acting on the output of the photoreceptors. 
Actually there is no fundamental difference between those ideas, the low pass 
filter can be considered as one form of sensitivity change. As expected by any 
theory, the mathematical simulation of Egelhaaf s scheme (with the correlation 
model) has been successful in predicting that the oscillation frequency of the fly 
HS neuron, when a sine wave intensity grating was suddenly changed from 
stationary to moving, was determined by the temporal frequency of stimulation 
(Egelhaaf 1988), but it was not able to explain the facts that the decay time 
constant of the afterimage effects was also a function of the temporal frequency 
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of the moving grating and that the amplitude of response was influenced by 
prior-motion. 
3-3-2. The influence of contrast frequency on afterimage effects. 
Next, we examine the effect of stimulus contrast frequency on the response with 
the afterimage by recording the responses to a constant contrast frequency with 
three different velocity-spatial frequency combinations. These experiments were 
on a V2 neuron, which preferred the stimulus direction downward with the 
receptive field over the whole ipsilateral side. A square wave grating with 
illumination intensity contrast of 0.3 was used at this stage as a test pattern, with 
spatial frequencies separately at (a) 0.075 eye/deg, (b) 0.15 eye/deg and (c) 0.30 
eye/deg, correspondingly, to keep the same contrast frequency of 22.4 cyc/s for 
all stimulation, the motion speeds were (a) 320 deg/s, (b) 160 deg/sand (c) 80 
deg/s. The procedure was similar to that in the experiment of 3-3-1, but the 
duration of the grating movement was shortened to 65 ms so that the effects of 
motion adaptation to the neurons could be reduced to a minimum. Responses 
were averaged 100 times. 
When we examine the responses versus the contrast frequency, an independence 
of the response strength on the stimulus contrast frequency becomes clear, 
though the frequency of the responses modulation is equal to the contrast 
frequency of the test stimulus in all three cases (figure 3-2). The amplitude of the 
response modulation was greater when the stimulus pattern was of lower spatial 
frequency and moved faster, especially at the first peak. The amplitude of the 
response to 320 deg/s with spatial frequency of 0.075 eye/deg was twice as high 
as to 80 deg/s at the spatial frequency of 0.28 eye/deg. Also the phase of the 
modulated response generated by the faster stimulus precedes that due to the 
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F i g u r e  3 - 2 .  D e m o n s t r a t i o n  t h a t  t h e  c o n t r a s t  f r e q u e n c y  d e t e r m i n e s  t h e  f r e q u e n c y  o f  
t h e  r e s p o n s e  m o d u l a t i o n .  T h e  e x p e r i m e n t  w a s  d o n e  o n  a  V 2  n e u r o n  w i t h  s q u a r e  w a v e  
g r a t i n g  o f  i n t e n s i t y  c o n t r a s t  0 . 3 .  T h e  s p a t i a l  f r e q u e n c i e s  o f  t h e  g r a t i n g  w e r e  c h o s e n  
s e p a r a t e l y  a t  0 . 0 7 5 ,  0 . 1 5  a n d  0 . 3  e y e / d e g .  T o  k e e p  t h e  s a m e  c o n t r a s t  f r e q u e n c y  o f  2 4  
c y c / s ,  t h e  m o t i o n  s p e e d s  w e r e  c o r r e s p o n d i n g l y  3 2 0  °  / s ,  1 6 0  °  / s  a n d  8 0  °  / s .  T h e  
s t i m u l u s  p r o c e d u r e  w a s  s i m i l a r  t o  t h a t  i n  F i g .  3 - 1 ,  b u t  t h e  d u r a t i o n  o f  t h e  g r a t i n g  
m o v e m e n t  w a s  6 5  m s .  T h e  o s c i l l a t i o n  f r e q u e n c y  d e p e n d s  o n  t h e  c o n t r a s t  f r e q u e n c y  o f  
t h e  t e s t  s t i m u l u s ,  i r r e s p e c t i v e  o f  v e l o c i t y  a n d  s p a t i a l  f r e q u e n c y ,  w i t h  t h e  s t r o n g e s t  
r e s p o n s e  a n d  t h e  s h o r t e s t  t i m e  t o  p e a k  i n  r e s p o n s e  t o  t h e  m o s t  r a p i d  m o t i o n .  
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slower stimulus. These results are in a full agreement with the results observed 
from the Hl neuron (Maddess & Laughlin 1985). 
The finding that a strong afterimage effect is observed from the V2 neuron is a 
clear indication that the afterimage effects are a common feature of different 
large field motion detectors in the transient response. Since the afterimage 
effects may reflect the characteristics of the EMDs, it is probable that all motion 
detectors have similar elementary inputs structure, in other words, receiving 
inputs from similar EMDs. 
3-3-3. The influence of adapting motion on the afterimage. 
So far, the experimental results suggest that the elementary motion detectors of 
the fly have either an increase in gain at very low frequencies by means of a low-
pass filter or a feedback mechanism with the same effect. Let us now consider 
the effect of feedback. It is known that the noise in the inputs will have a bigger 
negative influence on the accuracy of the output, and a narrower temporal 
frequency response range in the absence of feedback than with feed back. A 
motion-perception system obviously prefers to produce an accurate response 
with a wider response-frequency range. Consequently we look for signs of a 
feedback loop by studying the influences of the history of stimulation on the 
responses of the motion detectors . 
The presence of a feed back loop was sought on the basis that tests on the phasic 
response without prior-motion stimulation ( or without an adapting motion 
stimulus) can be considered functionally as open-loop experiments, because at 
the moment of giving the test stimulus there is no signal feed back to influence 
the response of the motion detector. With the prior-motion stimulus we can 
search for the effect of a closed-loop, because the previous responses will 
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influence the present responses of the motion detecting system. If there 1s 
negative feed-back we expect that the modulation of responses will become 
weaker, and the decay time of the response will become shorter with prior-
motion stimulation. This is because theory predicts that if the feed-back loop is 
closed, the gain of the system will become smaller and the range of the 
frequency response will become wider compared to the open loop case. 
The experiments were done by measuring the afterimages in the V2 neuron with 
different adapting speeds. A square wave grating of contrast 0.3 and spatial 
frequency 0.15 eye/deg was first moved at speeds of (a) 0 deg/s, (b) 8 deg/sand 
( c) 16 deg/s for one second as an adapting stimulus to generate an afterimage, 
then abruptly changed to a test speed of 160 deg/s above the adapting speed to 
reveal the effects of the afterimage. A brief ( 65 ms) test stimulus was used to 
avoid adapting the motion detector with prolonged motion (Maddess 1986). 
The responses oscillated at the contrast frequency of the stimulation in all cases 
(figure 3-3), which is how we define the afterimage effects. But due to the short 
duration of the stimulation only two peaks of response amplitude were observed, 
corresponding to only two cycles of the stimulus grating being moved across each 
sampling point on the eye during the test stimulus. As the speeds of adapting 
motion increased, two effects were seen: The amplitude of the response 
modulation became weaker and the decline of the afterimage effects was faster. 
If we define the ratio of the amplitude of the second peak to the first one as a 
measure of the modulation strength, the ratios reduced from 0.97 when the 
adapting speed was O O / s, to 0.5 at adapting speed of 8 ° / s, and to 0.3 at an 
adapting speed of 16 ° /s. Secondly, with increasing adapting speed, responses 
became faster, the amplitude of each peak became smaller and the widths at 
50% of peak height became narrower. For example, the first peak, which was 
about 300 spikes/s and 35 ms width at the adapting speed of O O /s, decreased to 
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F i g u r e  3 - 3 .  T h e  i n f l u e n c e  o f  p r i o r - m o t i o n  o n  a n  a f t e r i m a g e .  T h e  r e s p o n s e s  w e r e  
r e c o r d e d  f r o m  a  V 2  n e u r o n  t o  a  s q u a r e  w a v e  g r a t i n g  o f  c o n t r a s t  0 . 3  a n d  w a v e l e n g t h  
6 . 6  d e g r e e s .  T h e  g r a t i n g  w a s  f i r s t  m o v e d  a t  s p e e d s  o f  O  
O  
/ s ,  8  °  / s  a n d  1 6  °  / s  f o r  o n e  
s e c o n d  a s  a n  a d a p t i n g  s t i m u l u s  t o  g e n e r a t e  a n  a f t e r i m a g e ,  t h e n  s u d d e n l y  c h a n g e d  t o  a  
p r o b e  s p e e d  o f  1 6 0  ° / s  f o r  6 5  m s  t o  e l i c i t  a  r e s p o n s e  w h i c h  e x p o s e d  t h e  a f t e r i m a g e  
e f f e c t s .  T h e  r e s p o n s e s  a l l  o s c i l l a t e d  i n  t h e  s a m e  f r e q u e n c y ,  w h i c h  i n d i c a t e s  t h a t  t h e  
a f t e r i m a g e  e f f e c t s  a r e  f o r m e d  b y  m o v i n g  p a t t e r n  a s  w i t h  t h e  s t a t i o n a r y  p a t t e r n .  T h i s  
p h e n o m e n a  w a s  f o u n d  f o r  t h e  H I  n e u r o n  b y  M a d d e s s  (  1 9 8 6 ) ,  a n d  i s  s i m i l a r  i n  t h e  
H l  a n d  V 2  n e u r o n s .  B u t ,  w i t h  t h e  s p e e d  o f  p r i o r - m o t i o n  i n c r e a s i n g ,  t h e  a m p l i t u d e  o f  
t h e  r e s p o n s e  m o d u l a t i o n  b e c a m e  w e a k e r ,  a n d  t h e  d e c l i n e  o f  t h e  a f t e r i m a g e  e f f e c t s  
w a s  f a s t e r ,  i n  o t h e r  w o r d s  t h e  t i m e  c o n s t a n t  b e c a m e  s h o r t e r .  T h e s e  f e a t u r e s  s u g g e s t  a  
f e e d b a c k  l o o p  w h i c h  d e c r e a s e s  t h e  g a i n  o f  t h e  r e s p o n s e  a n d  s h o r t e n s  t h e  t i m e  
c o n s t a n t  o r  i n c r e a s e s  t h e  t e m p o r a l  b a n d w i d t h .  
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280 spikes/s and 20 ms width at the adapting speed of 8 ° /s, and to 177 spikes/s 
and 13 ms width at the adapting speed of 16 ° /s (see Fig. 3-3). 
Obviously, the above results are a clear demonstration that under the influence 
of prior-motion the response strengths or gains become smaller and the time 
constants become shorter, or the bandwidth becomes wider. These are signs of a 
feed back loop, through which the response history decreases the gain of the 
response and increases the temporal bandwidth during motion detection. 
3-3-4. The influence of afterimage effects on the directional selectivity. 
A prolonged motion stimulus can be produced by regularly changing the spatial 
phases of a stationary periodical pattern with a jump. If the phase shift is greater 
than half a wave length for each ( 6.5 ms) frame, the jump is now geometrically 
equivalent to a move in the opposite direction. Thus the directionally selective 
motion detector will then give a weak response (for example the V2 neuron) or a 
negative one (for example the Hl neuron). In fact, the responses are necessarily 
a maximum when the phase jump in each frame is one quarter of a wave length 
and zero when it is half a wavelength. Because the stationary period and the size 
of the jump can be varied independently, this is a useful stimulus to explore the 
influence of the afterimage on the directional selectivity of the neurons. 
The experiments were carried out on the Hl neuron, recorded when affected by 
the afterimage or after abolition of the afterimage. The afterimage was 
generated as described above in 3-3-1. Abolition of the afterimage was achieved 
by moving the stimulus pattern at a speed of 16 deg/sec for about 830 ms, which 
is believed to be fast and long enough to eliminate the afterimage. Then 
followed test speeds of 80 deg/s, 160 deg/s, 320 deg/s and 480 deg/s, relative to 
the adapting speed, with a duration of 65 ms. The stimulus pattern was a square 
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wave grating with spatial frequency of 0.15 eye/ deg and contrast of 0.3. The 
responses were averaged 100 times. 
After abolishing the afterimage a strong directional-sensitivity was obtained. 
There was a weakened response when the distance jumped between each frame 
was more than one quarter of a wave length (figure 3-4a for cell 7). As the 
testing speed increased from 80 deg/s to 320 deg/s, the amplitude declined from 
184 spikes/s to 120 spikes/s, which was only twice the background firing rate; the 
duration at 50% of peak also shortened from 65 ms to 6.5 ms. Finally, when the 
averaged speed of the jumping pattern reached 480 deg/ s, which was when the 
stimulus displacement in each frame time was close to half a wave length, the 
positive response phase has totally disappeared. A negative phase was already 
observed when the speed was as low as 160 deg/s. No oscillation in the response 
amplitude was observed, showing that the afterimage affect had gone. 
Undoubtedly, the above findings are a clear indication that without the 
afterimage effect the neuron has a strong directional sensitivity, giving a 
predictable response to a jumping stimulus under experimental conditions. 
In contrast, directional sensitivity is lost when the cell is affected by an 
afterimage. This has been demonstrated by recording in the same conditions 
except for the afterimage ( cell 6 in figure 3-4b ). The afterimage is revealed by 
the number of peaks, according to how many cycles of the stimulus was passed at 
each point on the eye, but the point is that all responses had a similar amplitude. 
This is in strong contrast to the previous result, where only one peak appeared 
following a negative phase, and the peak's amplitude decreased with increasing 
jump distances (Fig. 3-4a ). 
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F i g u r e  3 - 4 .  T h e  i n f l u e n c e  o f  t h e  a f t e r i m a g e  o n  t h e  d i r e c t i o n a l  s e l e c t i v i t y  o f  t h e  H I  
n e u r o n .  T h e  r e s p o n s e s  w e r e  r e c o r d e d  t o  a  s q u a r e  w a v e  g r a t i n g  o f  w a v e l e n g t h  6 . 6 °  a n d  
c o n t r a s t  0 . 3 ,  ( a )  w i t h o u t  o r  ( b )  w i t h  a f t e r i m a g e  e f f e c t s .  T h e  a f t e r i m a g e  w a s  g e n e r a t e d  
i n  t h e  s a m e  w a y  a s  i n  f i g u r e  3 - 2 ,  t h e  a f t e r i m a g e  w a s  e l i m i n a t e d  i n  ( a )  b y  f i r s t  
m o v i n g  t h e  s t i m u l u s  p a t t e r n  a t  a  s p e e d  o f  1 6  °  / s  f o r  a b o u t  8 3 0  m s .  T h e  t e s t  s p e e d s  
w e r e  8 0  °  / s ,  1 6 0  °  / s ,  3 2 0  °  / s  a n d  4 8 0  °  / s ,  c o r r e s p o n d i n g l y  a b o u t  0 . 5 2  °  / f r a m e ,  1 . 0 4  
0  
/ f r a m e ,  1 . 5 6  °  / f r a m e  a n d  2 . 0 8  °  / f r a m e ,  w i t h  t h e  t e s t  d u r a t i o n  6 5  m s  a n d  t h e  f r a m e  
t i m e  6 . 5  m s .  A f t e r  a b o l i s h i n g  t h e  a f t e r i m a g e ,  t h e  n e u r o n  p r o d u c e d  w e a k e r  r e s p o n s e s  
a s  t h e  d i s t a n c e  i n  e a c h  f r a m e  m o v e d  c l o s e r  t o  o n e  q u a r t e r  o f  t h e  w a v e  l e n g t h ,  a n d  
e v e n  o n l y  a  n e g a t i v e  r e s p o n s e  w h e n  t h e  d i s t a n c e  m o v e d  a t  e a c h  f r a m e  w a s  l a r g e r  
t h a n  o n e  q u a r t e r  o f  t h e  w a v e  l e n g t h ,  w h i c h  i n d i c a t e s  t h a t  t h e  n e u r o n  e x h i b i t s  a  
s t r o n g  d i r e c t i o n a l  s e l e c t i v i t y  a s  d e s c r i b e d  i n  s e c t i o n  3 - 3 - 4 .  ( b )  W i t h  a f t e r i m a g e  
e f f e c t s ,  h o w e v e r ,  t h e  n e u r o n  g a v e  r e s p o n s e s  w i t h  s i m i l a r  m o d u l a t i o n  s t r e n g t h  a t  e a c h  
t e s t  s t i m u l u s ,  i n d i c a t i n g  a  l o s s  o f  d i r e c t i o n a l  s e l e c t i v i t y  w i t h  t h e  a f t e r i m a g e  e f f e c t .  
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3-3-5. The phasic response as a function of stimulus duration. 
Next we turn to an investigation of the effect the stimulus duration when there is 
an afterimage. A sine wave grating of intensity contrast 0.3 and spatial frequency 
about 0.15 cycle/deg was used as the stimulus pattern. The experiments were 
conducted on the V2 neuron ( cell 20) by recording the phasic responses to onset 
of a motion of 64 deg/s with duration ranging from 6.5 ms to 195 ms in 6.5 ms 
steps (figure 3-5). 
As the stimulus duration increased from 6.5 ms to 19.5 ms, the response 
amplitude increased linearly from 75 spike/s to 201 spikes/s. Then the response 
reached saturation at about 250 spikes/s after about 40 ms stimulus duration, 
which was equal to a spatial displacement of 2.6 degrees. A second peak 
appeared when the duration was longer than about 130 ms, indicating the 
existence of an afterimage in our experiment; and reached a maximum after 163 
ms stimulation. Finally it appeared to be completed at a stimulus duration of 195 
ms, which corresponded to two full cycles of the grating being moved past each 
point on the eye. Unexpectedly, the responses always declined to the resting 
level with a constant decay time of about 250 ms for all stimuli; even the rate of 
decay of the second peak did not change. 
Considering the above findings, two suggestions are proposed: a) The afterimage 
effect and the response adaptation may be two separate processes, which was the 
situation following the results recorded from the Hl neuron by Maddess (1985). 
The afterimage was not then connected with the time-course of the response 
decay which is normally considered to be related to the response adaptation. So 
the adaptation appears later than the afterimage. b) The appearance of a second 
peak confirms once again that even in the transient state the measurement of 
EMDs is distorted by the afterimage. The neuron may be unable to respond 
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F i g u r e  3 - 5 .  T h e  t i m e  c o u r s e  o f  t h e  r e s p o n s e s  w i t h  a f t e r i m a g e  e f f e c t s .  T h e  s t i m u l u s  
p a t t e r n  w a s  a  s i n e  w a v e  g r a t i n g  o f  c o n t r a s t  0 . 3  a n d  w a v e l e n g t h  6 . 6 ° .  T h e  p a t t e r n  f i r s t  
r e m a i n e d  s t a t i o n a r y  f o r  2  s e c o n d s ,  t h e n  m o v e d  a t  a  s p e e d  6 4  °  / s  w i t h  a  d u r a t i o n  
r a n g i n g  f r o m  6 . 5  m s  t o  1 9 5  m s  i n  6 . 5  m s  s t e p s .  T h e  p r o c e d u r e  w a s  r e p e a t e d  1 0 0  
t i m e s .  A s  t h e  d u r a t i o n  i n c r e a s e d  f r o m  6 . 5  m s  t o  5 2  m s ,  t h e  r e s p o n s e  i n c r e a s e d  f r o m  
7 5  s p i k e s / s e c  t o  a  m a x i m u m  a t  a b o u t  2 7 0  s p i k e / s e c .  A  5 2  m s  m o t i o n  m e a n s  t h a t  a  
h a l f  w a v e l e n g t h  o f  t h e  p a t t e r n  m o v e d  p a s t  t h e  e y e ,  g i v i n g  t h e  s t r o n g e s t  c o n t r a s t  
b e t w e e n  t h e  m o v i n g  g r a t i n g  a n d  t h e  p r e v i o u s  s t a t i o n a r y  g r a t i n g ,  s o  t h a t  t h e  b i g g e s t  
r e s p o n s e  w a s  r e c o r d e d .  W h e n  t h e  g r a t i n g  m o v e d  f o r  1 3 0  m s ,  a b o u t  o n e  a n d  q u a r t e r  o f  
w a v e l e n g t h  w a s  p a s s e d  a c r o s s  t h e  p r e v i o u s  s t a t i o n a r y  g r a t i n g ,  s o  t h a t  t h e  s e c o n d  p e a k  
a p p e a r e d .  W h e n  m o v i n g  f o r  1 9 5  m s ,  n e a r l y  t w o  c y c l e s  p a s s e d ,  s o  t h a t  t h e  w i d t h  o f  
t h e  s e c o n d  p e a k  w a s  e q u a l  t o  t h e  w i d t h  o f  t h e  f i r s t  o n e .  B e l o w  i s  a n  i l l u s t r a t i o n  o f  
t h e  m o v i n g  g r a t i n g  p a s s i n g  t h e  s t a t i o n a r y  g r a t i n g .  
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accurately to a target movement over a stationary background with similar 
texture, particularly during brief motion or acceleration, or a sudden background 
movement, because under the influence of an afterimage it will generate several 
response peaks to just one brief movement or acceleration. 
3-3-6. The response as a function of stimulus velocity. 
Any system that detects passing edges responds to contrast frequency in the 
steady state even if different motion detectors are turned to different velocities. 
But what the detectors measure in the transient state is still unknown. This 
problem has been addressed by studying the dependence of the V2 neuron 
transient response on stimulus velocity, with stimulus speeds ranging from 8 ° /s 
to 80 ° /s, and stimulus durations ranging from 6.5 ms to 195 ms. Each cell was 
tested at one or two stimulus speeds, as follows: Cell 15 to the speeds of 16 ° /s 
and 32 °/s; cell 16 to 8 °/sand 48 °/s; cell 20 to 64 °/sand cell 21 to 80 °/s. An 
example, recorded from cell 15 to a motion of 16 ° /s with duration ranging from 
13 ms to 78 ms, is given in Figure 3-6. The response increased almost linearly 
within the first 0.7° of the stimulus, then slowly saturated, which is in a good 
agreement with Srinivasan's results (1983). A similar behaviour has been 
observed from the other cells. 
The influence of stimulus velocity was investigated firstly by plotting a series of 
functions of the response against stimulus duration at different speeds (figure 3-
7a). All curves appeared to be initially linearly increasing with increasing 
duration, and eventually saturated. But rapid motion gave a sharper slope and a 
higher saturation level, indicating that in the transient state the cells may signal 
speed of the stimulus rather than the spatial frequency or stucture of the 
stimulus, because the curves should have similar slope if the cells mainly signal 
spatial frequency. 
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F i g u r e  3 - 6 .  ( a )  a n d  ( b  ) .  R e s p o n s e s  o f  a  V 2  n e u r o n  t o  t h e  o n s e t  o f  a  m o v m g  s m e  
w a v e  g r a t i n g  a t  s p e e d s  ( a )  1 6  °  / s  a n d  ( b )  3 2  °  / s  w i t h  d i f f e r e n t  d u r a t i o n s .  G e n e r a l l y  
s p e a k i n g ,  a s  t h e  d u r a t i o n  i n c r e a s e d ,  t h e  r e s p o n s e  i n c r e a s e d  n e a r l y  l i n e a r l y  a t  f i r s t ,  
t h e n  s a t u r a t e d .  H o w e v e r ,  c o m p a r i n g  ( a )  a n d  ( b ) ,  i t  i s  s e e n  t h a t  t h e  r e s p o n s e  i s  t o  t h e  
d i s t a n c e  m o v e d ,  e s p e c i a l l y  d u r i n g  t h e  f i r s t  0 .  7 ° .  F o r  e x a m p l e ,  t h e  r e s p o n s e s  t o  t h e  
s t i m u l u s  d u r a t i o n s  o f  6 . 5  m s ,  1 3  m s  a n d  1 9  m s  a t  s p e e d  3 2  °  / s  a p p e a r  t o  b e  s i m i l a r  i n  
s t r e n g t h  t o  t h e  r e s p o n s e s  t o  1 3  m s ,  2 5  m s  a n d  3 9  m s  a t  s p e e d  1 6  °  / s .  H o w e v e r ,  t h e  
i n i t i a l  s l o p e  o f  t h e  r e s p o n s e  t o  a  f a s t  m o t i o n  i s  m o r e  s h a r p e r  t h a n  t o  a  s l o w  m o t i o n .  
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F i g u r e  3 - 6 .  ( c )  a n d  ( d ) .  T h e  i n c r e m e n t a l  r e s p o n s e  a t  e a c h  m o m e n t ,  m e a s u r e d  b y  
s u b t r a c t i n g  t h e  r e s p o n s e  b e f o r e  t h i s  m o m e n t  f r o m  t h e  r e s p o n s e  a t  e a c h  m o m e n t  o f  
t h e  s t i m u l u s ,  v e r s u s  t h e  s t i m u l u s  t i m e .  T h i s  m e a s u r e m e n t  s h o w s  t h e  a d d i t i o n a l  
r e s p o n s e  o f  t h e  n e u r o n  t o  t h e  m o t i o n  a t  a  c e r t a i n  m o m e n t ,  w h i c h  i n c r e a s e d  f r o m  t h e  
t i m e  6 . 5  m s  t o  t h e  t i m e  1 9  . 5  m s  a t  s p e e d  3 2  °  / s  o r  f r o m  1 3  m s  t o  3 9  m s  a t  s p e e d  1 6  
0  
/ s ,  t h e n  d e c r e a s e d  a s  t h e  s t i m u l u s  t i m e  i n c r e a s e d .  A c t u a l l y ,  a f t e r  a  m o t i o n  o f  3 9  m s  
a t  s p e e d  3 2  °  / s  t h e  n e u r o n  g a v e  n o  i n c r e m e n t a l  r e s p o n s e  t o  t h e  m o v e m e n t ,  w h i c h  
s u g g e s t s  t h a t  t h e  n e u r o n  i s  i n t e r e s t e d  o n l y  i n  a  f r e s h  m o v e m e n t .  
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An average integration time of 19 ms is obtained by analyzing the response 
behaviour at different stimulus durations. The cells give a nearly linear response 
to the stimulation at speeds up to 80 ° /s during the first 19.5 ms, showing a 
capability of linearly integrating the stimulus in this period. It is also possible 
that all the motion sensitive neurons of the fly lobula plate have a similar linear 
integration time, where the response amplitude linearly depends on the stimulus 
duration over a range of speeds. Obviously, within the integration time, the 
response is also determined by the spatial displacement, as will be discussed 
later. 
Next we consider whether the cells are able to measure the velocity of 
movement by the transient response and how. The dependency of the firing rate 
on the stimulus velocity has given us a hint that the cells might have an ability to 
signal velocity in terms of acceleration of the firing rate, which is defined as the 
rate of change of the response during the initial period. A faster motion will 
elicit a sharper slope. Looking at the relationship between the acceleration of 
the response and the speed of the stimulus, plotted in figure 3-7b and 3-8, we 
find that the acceleration increases approximately linearly ( at a rate of about 180 
spikes/sec/deg) against the stimulus displacement, or 7.5 spikes/s/ms against 
the stimulus duration with the speed increasing up to about 32 ° /s, then saturates 
at the higher velocities. Thus in order to measure the stimulus velocity the cells 
only need to adjust the gain of their firing rate, giving an accurate linear tuning 
to a slower motion and a relatively coarse response to a faster stimulus. 
3-3-7. The response versus stimulus displacement with different speeds. 
The influence of stimulus speed on the transient response was studied further by 
plotting it as a function of stimulus displacement at various speeds. It is known 
that the transient response of the Hl neuron is linearly dependent on the 
F i g u r e  3 - 7 .  ( a ) .  T h e  i n f l u e n c e  o f  s t i m u l u s  s p e e d  o n  t h e  r e s p o n s e  i s  f u r t h e r  s t u d i e d  b y  
p l o t t i n g  t h e  t r a n s i e n t  r e s p o n s e  ( T R )  v e r s u s  t h e  s t i m u l u s  d u r a t i o n  a t  d i f f e r e n t  s p e e d s  
i n  V 2  n e u r o n s .  T h e  s t i m u l u s  i s  a  s i n e  w a v e  g r a t i n g  o f  s p a t i a l  f r e q u e n c y  0 . 1 5  e y e / d e g  
a n d  c o n t r a s t  0 . 3  m o v i n g  a t  v a r i o u s  s p e e d s  a s  s h o w n .  A s  t h e  d u r a t i o n  i n c r e a s e d ,  a l l  
r e s p o n s e s  i n c r e a s e d  n e a r l y  l i n e a r l y ,  t h e n  s a t u r a t e d .  T h e  n e u r o n s  a l s o  g a v e  a  b i g g e r  
r e s p o n s e  a n d  s a t u r a t e d  a t  a  h i g h e r  l e v e l  t o  a  f a s t e r  m o v e m e n t .  T h e  d e p e n d e n c y  i s  
s h o w n  i n  ( b  ) .  T h e  s l o p e  o f  T S  t o  S D  i s  m e a s u r e d  a s  a  r a t i o  o f  t h e  r e s p o n s e  i n i t i a l  
i n c r e m e n t  a t  a  c e r t a i n  s p e e d  ( a s  i n  F i g .  3 - 6 ,  c ,  d )  t o  t h e  s t i m u l u s  d u r a t i o n .  A s  t h e  
s p e e d  i n c r e a s e d  t h e  s l o p e  a l s o  i n c r e a s e d  m o n o t o n i c a l l y  f r o m  8  °  / s  t o  a b o u t  5 0  °  / s  
t h e n  s a t u r a t e d ,  w h i c h  s u g g e s t s  t h a t  t h e  n e u r o n  r e s p o n d s  i n  a  g r a d e d  w a y  t o  t h e  o n s e t  
o f  m o v e m e n t  a t  d i f f e r e n t  s p e e d s .  
(a) Transient response (TR) vs stimulus duration (SD) 
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displacement within the spatial integration distance (Srinivasan 1983), but the 
influence of the stimulus speed on the integration distance is still unknown. 
Consequently, we address this by investigating the response, recorded from the 
above cells, to a given displacement with various stimulus speeds (figure 3-8). 
These curves demonstrate that the cell's transient response measures mainly the 
stimulus displacement. This is shown by the fact that the response strength is 
independent of stimulus velocity for displacements less than 0.7° degrees. For 
example, cell 15 produced the same response of about 107 spikes/s to 0.4° 
. 
displacement at a stimulus velocity of either 16 ° /s or 32 ° /s. A similar result is 
obtained from cell 16, if we compare the response curves to 8° / s and 48 ° / s 
stimulation (Fig. 3-8). 
A linear spatial integration distance of about 0.7° degree was inferred, by 
comparing many responses from different cells under our experimental 
conditions. Within this distance all the transient responses have an initial slope 
of about 180 spikes/sec/deg irrespective of the stimulus speed and duration. 
F i g u r e  3 - 8 .  T h e  t r a n s i e n t  r e s p o n s e  v e r s u s  t h e  d i s p l a c e m e n t  a t  d i f f e r e n t  s p e e d s .  I n  
f i g u r e  3 - 6 ,  t h e  r e s p o n s e  s t r e n g t h  d e p e n d s  o n  t h e  d i s t a n c e  t h a t  t h e  g r a t i n g  m o v e d .  
T h i s  c o n c l u s i o n  i s  n o w  c o n f i r m e d  i n  f u r t h e r  b y  p l o t t i n g  t h e  t r a n s i e n t  r e s p o n s e  a g a i n s t  
t h e  s t i m u l u s  d i s p l a c e m e n t .  T h e  t r a n s i e n t  r e s p o n s e  i s  a  m o n o t o n i c  f u n c t i o n  o f  t h e  
s t i m u l u s  d i s p l a c e m e n t  u p  t o  a b o u t  1  d e g r e e ,  i r r e s p e c t i v e  o f  t h e  s t i m u l u s  s p e e d  a n d  
d u r a t i o n .  W e  c a n  d e f i n e  a  l i n e a r  s p a t i a l  i n t e g r a t i o n  d i s t a n c e  o f  0 . 7 ° ;  o v e r  t h i s  d i s t a n c e  
t h e  n e u r o n  a l w a y s  p r o d u c e s  a  r e s p o n s e  w h i c h  i s  d e p e n d e n t  l i n e a r l y  o n l y  o n  t h e  
s t i m u l u s  d i s p l a c e m e n t ,  i r r e s p e c t i v e  o f  t h e  s p e e d  a n d  d u r a t i o n  o f  m o v e m e n t .  T h e  
r e s p o n s e s  s a t u r a t e d  a t  a  h i g h  l e v e l  w h e n  t h e  g r a t i n g  m o v e d  m o r e  t h a n  2 ° ,  i n  s t r o n g  
c o n t r a s t  t o  a  b a r  m o v e m e n t ,  i n  w h i c h  t h e  r e s p o n s e  d r o p p e d  d o w n  f o r  d i s t a n c e s  l a r g e r  
t h a n  2 °  w i t h  t h e  s a m e  m o t i o n  c o n d i t i o n s  ( s e e  F i g .  4 - 1 0 )  
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3-4. Discussion and Conclusion 
3-4-1. The independence of the transient response strength of the Hl and V2 
neurons on contrast frequency 
with afterimage effects. 
From the observation in the experiment of 3-3-2 that the strength of the 
transient response modulation is dependent on stimulus contrast frequency when 
affected by an afterimage, it is reasonable to infer that the transient response of 
the LFMD following an afterimage does not depend on the contrast frequency 
alone. Whatever the structure of the motion detectors, the modulation 
frequency is necessarily determined by the contrast frequency of the stimulation. 
However, the large field motion detectors (LFMDs ), such as the Hl and V2 
neurons, as an integration of the EMDs, may be more interested in measuring 
features other than the contrast frequency, since the neurons generate the 
different strength of transient response to stimuli which are of the same contrast 
frequency but with different spatial frequency-velocity combinations. All results 
suggest that the basic task of the LFMDs is probably to count the number of 
passing edges for the preferred direction, which is in agreement with Horridge's 
suggestion (1990). First of all, the EMD's must give a great concern to the spatial 
structure of a moving object, producing a stronger response to a proper angular 
size of stimulus. That is why the response strength is not exactly determined by 
contrast frequency. The reason is simple, that the spatial structure characteristics 
are the most essential parameters which will decide the final behaviour of the 
animal, which must pay more attention to a small slowly closing object than to a 
big, fast moving, but far away background, even though both appear to have the 
same contrast frequency. In fact, in our experiment the neuron always gives a 
bigger response to a stimulus with a spatial frequency of 0.07 eye/ deg than to 
one of 0.28 eye/ deg. The speeds did not make a significant difference to the 
I 
I 
I 
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I response strength, since we found in other experiments that the neurons cannot 
discriminate movements of 80 ° /s and 320 ° /s just in terms of firing frequency. 
I 
I 
I 
j, This dependence on spatial structure may be due to the limitations of the motion 
I 
l 
detectors imposed by the structure of the compound eyes. The spatial wave-
length of the stimulus is close to twice the interommatidial angle, approximately 1,' 
I~ 
i 
0.28 cycles/ degree. If there are lateral effects, such as lateral inhibition of any 
kind, with the spacing of the interommatidial axes, then spatial frequency can 
have an influence independent of contrast frequency. The higher the spatial 
i frequency, the stronger the lateral inhibition that might be elicited, so that the 
I 
cells must chose a proper size object as the target of interest, which may work in 
a similar mechanism as found in fly lamina cells in which the strength of the 
/i flanking inhibitory regions of the receptive fields of fly lamina cells decreases as 
11 the mean luminance is lowered (Pinter, Osorio & Srinivasan 1990). Finally, I 
I 
I 
i temporal integration may be also involved in forming the dependence upon 
spatial structure during the motion detection. Since, within the integration time, 
the response strength of the LFMDs depends on the displacement distance, they 
I 
produce a bigger response when more stimuli are passing across the receptive 
field. This is just another indication that the response strength of the LFMDs is 
1' dependent on the number of passing edges. 
' 
3-4-2. A possible feed back loop during motion detection. 
0 
' In the experiment of 3-3-3, the afterimage effects are strongly dependent on the 
f• 
prior-motion of the stimulus. In other words, the response is affected by the 
'I 
response history. It has been observed that the response strengths decrease and 
,j the time constants become shorter or the temporal bandwidth becomes wider, 
with increase of the prior-motion speed. 
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This result, of course, has several possible explanations; but the most likely one 
is that there is a feed-back loop in the fly's motion detection system. The 
afterimage effects are probably introduced at the level of the EMDs and are 
further influenced by a feed back loop before they are integrated in the large 
field motion detectors, Hl and V2. The signals or the responses to a prior-
motion are fed back to adjust the cells present response, which leads to a 
decrease of the response gain and increase of the temporal bandwidth, as is 
typical of a feed back loop. 
After long period of adapting to prior-motion, all low-pass temporal filters, 
presumably at the input level of the EMDs, are at least partly saturated, so that 
the firing modulation caused mainly by the low-pass filter becomes weak. 
Theoretically, the low-pass filter can oscillate the firing frequency of the EMDs 
in the transient response, but as described by Egelhaaf's model (1989) it can 
neither change the bandwidth of the response nor shift the response phase. 
However, We do see such changes in the experiments, therefore the afterimage 
effect is most likely not a feature of the EMDs with a low-pass filter alone. This 
conclusion is also supported by the fact that the decay constant of the afterimage 
depends on the speed of prior-motion, which obviously cannot be explained by 
use of a low-pass filter whose time constant is invariable. However, a feed back 
loop can provide a sufficient explanation because it can indeed change the time 
constant of a system. 
Of course, in functional terms, the afterimage effects can be considered as a kind 
of low pass temporal filter but with a variable time constant, which will reduce 
the temporal resolution of the motion detectors when the environment is 
relatively stationary. This influence is eliminated in a moving environment; in 
the other words the temporal resolution will be improved by abolishing the 
afterimage effects when the animal is moving. So, with an afterimage the 
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response amplitude of the EMDs may be determined just by the difference 
between the present stimulus contrast frequency and the previous adapting 
contrast frequency some time ago. Undoubtedly this is a very important aspect of 
motion detection, because this kind of comparison or differential has the 
properties of a short term movement memory. Thus the motion detector might 
also be able to measure velocity and the change in velocity for a constant spatial 
frequency. 
3-4-3. The influence of afterimage on directional selectivity of the LFMDs. 
An interesting feature has been found in the experiment of 3-3-4, i.e, without the 
afterimage effects the response strength decreases as the stimulus phase drift is 
near to half a wave length for each ( 6.5 ms) frame, ie. directionality is retained. 
In contrast, with the afterimage effects the response does not decrease in the 
same way, ie. the directional-sensitivity of the neurons is reduced by the 
afterimage. So if the neuron, affected by afterimages, was still directionally 
sensitive, its response should be reduced and the modulation should be weaker 
to a faster moving pattern because that would appear to move in the opposite 
direction. But in fact the strength of modulation remained similar for all testing 
speeds, so obviously the directional-sensitivity of the cell has been lost when it is 
affected by an afterimage. Of course, this loss is only temporary because the 
afterimage lasts only for about 10 seconds (Maddess 1986). During this period 
the cells mainly measure the illuminance contrast between present and previous 
stimuli. The afterimage appears to occur before, and to inhibit, the detection of 
directional motion. 
In fact, in the same experiment, another phenomenon relative to lateral 
interaction has been observed. The negative phase in the response already 
appeared when the stimulus speed was over 160 deg/s, which was close to about 
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one sixth of the wave length in each frame time, or jump of about 1.1 ° degree in 
each 6.5 ms (see Fig. 3-5). The appearance of negative phase in the response to a 
fast stimulus must reflect some unknown characteristics of the LFMDs in 
assembling the EMD's responses. It obviously needs explanation, of which one 
candidate is lateral inhibition. Supposing there is a lateral inhibition between 
individual EMDs, so that an obvious lateral inhibition can be generated only 
when lateral interaction from the preceding units is over a threshold during the 
integration time. The activity of the next EMDs will now be inhibited, causing a 
negative phase. This mechanism would depend on the distance moved during the 
integration time at the moment of the speed change. The faster the motion, the 
stronger the inhibition, so the deeper the negative phase. A 1.1 ° degree of 
minimum effective range also supports this assumption, since it is approximately 
equal to the radius of an individual EMD's receptive field which also indicates 
that the lateral inhibition comes from the neighbouring units. 
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CHAPTER FOUR 
SPATIAL PROPERTIES OF THE LFMDS 
THE RESPONSES OF Hl AND V2 TO A SINGLE MOVING BAR 
Abstract 
In this chapter, the spatial characteristics and measurement of the Hl and V2 
have been investigated by brief jumps of a black bar with or without prior-
motion. These two neurons treated as outputs of a motion detection system 
consisting of many distributed EMDs in parallel. In the experiments, a receptive 
field about 1.2° wide at half response height is observed from the plots of 
transient response strength against jump angle for both Hl and V2 (see 3-3-7), 
confirming again that both kinds of cells assemble signals from similar EMDs. 
When stimulated with prior-motion the cells exhibit sigmoidal-shaped transient 
response curves, in sharp contrast to the bell-shaped response curves produced 
by the stimulus without prior-motion. Those phenomena raise the possibility that 
the motion detection system may use two kinds of mechanisms to transform 
motion signals. One kind is a high-pass channel with a bell-shaped response 
curve, mainly interested in velocity changes, the other is a low-pass channel with 
sigmoidal-shaped response curve, which is active in continued movements and 
may serve fine velocity tuning. By considering a possible existence of short-term 
memory and lateral interaction and a feed back loop in flies visual system, it is 
now proposed that the right kinds of motion channels are most likely selected by 
switch cells according to the previous motions of objects. From the result that 
the ratio of the response contrast to the stimulus velocity contrast remained 
constant, irrespective of the changes in velocity, it is postulated that the LFMDs 
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abstract velocity contrast in responses to movements. Finally, it is found that the 
temporal discrimination of the cells is improved in responses to jumps with 
prior-motion since the response latencies are shortened by an average 6 to 10 
ms. 
4-1. Introduction. 
4-1-1. The review of previous results. 
As described in chapter 3, the responses to gratings reveal much about 
afterimages. Afterimages affect only the transient part of the wide-field motion 
detectors, when temporal resolution and directional selectivity are reduced. 
In addition, some temporal and spatial properties of the directional motion-
detection cells are investigated, especially the relationship of their responses to 
the stimulus velocity, duration and the displacement distance. The data 
described above (see 3-3-7) suggests that the linear integration distance of the 
cells is about 0.7°, and an average integration time is about 19 ms. 
It has been shown that the motion detectors have similar temporal and spatial 
parameters in the responses to horizontal and vertical motion, and at low 
frequency they respond to every edge that passes their receptive fields, as 
proposed by Horridge (1990). It is already clear from the large fields of motion 
detectors and their high sensitivity to small movement that both horizontal and 
vertical neurons integrate the inputs from a large number of elementary motion 
detectors (EMDs ). A postulated feed back loop would help to explain why 
temporal resolution and the range of temporal frequency-response of the 
neurons are increased in response to a stimulus with prior-motion, which might 
result in increasing the range of velocity which the cells can encode. 
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4-1-2. Adaptation of the response. 
As shown by others (Maddess 1986), adaptation to the step stimulus enables the 
Hl neuron to respond better to a faster rate of stepping, and the response adapts 
more rapidly with faster repetition of the steps. Similarly, at greater stimulus 
velocities the response falls more steeply from the initial peak to a steady state. 
In fact, the faster or more frequently that the stimulus moves the faster the 
neuron adapts to it and therefore is better placed to respond rapidly when the 
stimulus is repeated. The decay constant of the adaptation ranges from 10 to 300 
ms, depending on the velocity of the stimulus prior to a step, with velocities in 
the range 100 deg/s to 0.4 deg/s. The time constant of adaptation is determined 
locally in the visual field. A separation of the adapting stimulus and test stimulus 
by only 3.6 deg was sufficient to be out of range (Maddess & Laughlin, 1985). On 
the other hand, the increase in adaptation rate clearly is propagated rapidly but 
locally in front of an advancing stimulus, or these effects would not occur. 
The Dutch work ( de Ruyter van, Steveninck et al., 1986) was done after that of 
Maddess & Laughlin with · slightly different results, I have also repeated this 
work on the fly Lucilia in Canberra with the following results. Moving stimuli 
increase the rate of adaptation more effectively than pure flicker. The responses 
are insensitive to spatial phase composition. The effect saturates with contrasts 
of 0.33. The adaptation rate is not determined by the spike rate of the Hl 
neuron itself, but by its inputs. The general conclusion is that the Hl neuron 
adapts to motion in much the same way that photoreceptors adapt to intensity, 
by saturation and increase of their dynamic range. The Hl neuron responds 
more strongly to an increment of velocity about the adapted value than it would 
in the unadapted state. In our experiments, similar results were found in V2 
neurons. 
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4-1-3. Outline of the problem. 
In nature, the fly must be interested in individual objects. Probably, the major 
function of its motion detection system is tuned to respond to movement of 
individual targets, such as tracking a prey or escaping from an antagonist. The 
parallel arrangement of numerous EMDs may be best suited to this kind of 
IlllSSlOn. 
So now it is necessary to turn our attention to the responses to movements of a 
single target, and look again at the contribution of single motion detectors as 
they feed into the network structure of the large field motion detection system. 
The questions now concern the size of the EMDs receptive field, the linear 
response-displacement distance as well as the response integration time, and the 
possibility of lateral interactions between neighbouring EMD's and different 
kinds of signal channels. Once again the stimulus history turns out to be 
important. 
The experiments in this section were designed to reveal the spatial properties of 
motion detectors, independent of the temporal domain. In fact many 
experiments already have been done on transient characteristics of motion 
detection, of which the majority focused on the temporal, rather than the spatial 
properties. We cannot ignore the possibility that previous results were affected 
by influences from the temporal domain, such as adaptation or saturation, so the 
question arises as to what the real spatial stucture is, and how this can be 
inf erred from the transient responses of the motion detectors. 
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4-1-4. A single moving bar - a proper stimulus. 
Although many results have been obtained already by using an extended grating 
in previous experiments, it is possible that extended stimuli are inadequate for 
characterising the responses of individual EMDs to isolated targets and for 
revealing the local interactions between the EMDs. The investigations with 
gratings seem to be related only to the properties of the motion detectors in 
response to movement of the background, and also the concurrent activity or 
silence of neighbours may influence the response of an individual EMD. 
A single narrow bar apparently is a suitable stimulus here, and has the big 
advantage that it can simulate natural target movements whilst avoiding 
influences such as the afterimages. If the jump of the bar is restricted to be 
within the domains of the linear spatial and temporal integration of the cell, the 
responses of the cell can be regarded as impulse responses which are a useful 
guide to the transient properties of the individual EMDs. 
Furthermore, recordings of responses to a jumped stimulus have provided a 
practical way to do just what we want in this section. The stimulus was a single 
black bar of width approximately equal to that of the receptive field of a single 
EMD. The bar was moved from one position to another on the screen between 
frames in just 6.5 ms, which is presumably faster than the temporal resolution of 
the EMD. The optimum step distance was the interommatidial angle, which was 
1.2 degrees. This simple stimulus differs from other stimuli so far used, in 
enabling us to investigate the real distribution of the receptive field of the 
motion sensitive neurons, and interactions from the adjacent units, without 
considering any influence from the temporal domain. Furthermore, it describes 
the temporal properties of the EMD's in the transient state without adaptation 
or possible afterimage effects. 
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4-2. Methods. 
4-2-1. Animal and preparation. 
All experiments were performed on wild-type female sheep blowfies, Lucilia 
cuprina, obtained from the CSIRO, Division of Entomology, Blowfly Genetics 
Group, Black Mountain, Canberra ACT. 
At about 2-9 days post-emergent the animal was chilled for about 90 seconds to 
improve handling, and then immobilized with wax to an stand with its head bent 
forward about 60 degrees. After that, a small cuticular flap in the diameter about 
of 1 mm was gently removed with a very fine knife from the back of the left side 
head over the lobula complex. Then the exposed optic lobes were immediately 
flooded with an insect Ringer's solution. The connective tissue sheath over the 
lobula complex was torn, and removed with a fine metal hook so that an 
electrode could penetrate the surface without breaking or dimpling the lobula 
plate. In order to stimulate only monocular parts of the eye and point the right 
eye towards the CRT centre, the animal was rotated around its axis by 30 
degrees. The animal sat 10 cm from the CRT, and the display area of the screen 
was in 10 cm by 10 cm. All flies were adapted to the CRT for about 10 minutes 
before recording. The recording room was kept dark and the temperature 
controlled to about 23° C. 
4-2-2. Stimulus and recording. 
The stimulus pattern used in this chapter was a single dark bar over a white 
background, either in the vertical or in the horizontal orientation, desplayed on a 
CRT unit (having a P31 phosphor) under control of an on-line computer (PDP-
11-03) by assembly and DAOS programming languages. Spectral properties of 
1, 
Ii 
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the display tube were given in Dvorak et al. (1975). By feeding appropriate 
commands to the computer, the position of the bar could be shifted along either 
the horizontal or the vertical direction either (a) instantaneously to cause a 
jump, or (b) by small steps at regular intervals to approximate continuous 
motion at different velocities. The width of the bar in most cases was fixed at 3.3° 
visual angle, which just covers the receptive field of a single EMD. The position 
of the bar was kept at the centre of the screen so that in each trial the 
stimulation is approximately to the same EMDs. The screen refresh time was 6.5 
ms, which is short enough to keep the stimulus period in the integration time, 
and a frame contained 1024 lines. The equipment was virtually the same as that 
of my previous experiments in chapter 3. 
Extracellular recordings from the large-field directionally-selective motion-
detecting neurons (Hl and V2) in the lobula plate were made using tungsten-in-
glass electrodes. The spikes from the neurons were amplified by 10 times with a 
pre-amplifier P-16, collected by the computer via a Schmitt-trigger interface, 
then averaged histograms were generated and stored in the computer. More 
recently, the data were transferred to an Apollo-10000 work station for further 
analysis. 
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4-3. Experimental results. 
The responses of about 80 Hl and V2 neurons from the lobula plate of the fly to 
motions of a single dark bar are described in this chapter, including the 
responses to a single jump or to a continued motion, with or without prior-
motion. All are presented as Post-Stimulus-Time-Histograms averaged about 
100 times. 
4-3-1. The time course of responses to bar movements at one speed. 
We first look at an example of the time course of the response of the Hl neuron 
to bar movement at one speed but of varied duration. The stimulus was arranged 
so that a single dark bar 3.32° degrees across was moved at 16 deg/s for various 
durations from 6.5 ms to 208 ms. The response ( cell 31) was averaged over 100 
repeats of the stimulus to give post-stimulus histograms (Psth), as shown in 
figure 4-la. The response consisted of an initial transient peak with . 
approximately exponential fall to a steady maintained level. The duration of the 
transient period was defined arbitrarily as that part of the response which 
increased only in amplitude without change in the response width. It was found 
that, as the stimulus duration increased from 6.5 to 208 ms, the response 
amplitude within the first 32.5 ms of the stimulation first increased nearly 
linearly from about 24 spikes/s to 207 spikes/s, while the duration of the 
transient response remained remarkably constant at about 32 ms. After this 32 
ms period the transient response became saturated and a constant sustained 
response of 163 spikes/s was obtained for all stimulus durations. Finally the 
response duration widened to be almost equal to that of the stimulus. 
As a comparison, the response of the V2 neuron (cell · 25) was recorded under 
the same stimulus conditions as cell 31 (figure 4-lb ). There is no significant 
F i g u r e  4 - 1 .  R e s p o n s e s  o f  t h e  H  1  a n d  V 2  n e u r o n s  t o  a  m o v i n g  b a r  a t  s p e e d  1 6  °  / s .  A  
b l a c k  b a r  o f  w i d t h  3 . 3 2 °  r e m a i n e d  a t  t h e  c e n t r e  o f  t h e  s c r e e n  f o r  2  s e c o n d s ,  t h e n  
m o v e d  a t  a  c o n s t a n t  s p e e d  1 6  °  / s  f o r  v a r i o u s  t i m e s ,  a s  s h o w n .  T h e  r e s p o n s e  w a s  
a v e r a g e d  1 0 0  t i m e s  f o r  e a c h  t r a i l .  T h e r e  i s  l i t t l e  d i f f e r e n c e  i n  t h e  t i m e  c o u r s e  
b e t w e e n  t h e  H l  a n d  V 2  r e s p o n s e s ;  b o t h  c e l l s  g a v e  a  s i g n i f i c a n t  r e s p o n s e  t o  t h e  
m o t i o n  o f  1 3  m s ,  o v e r  t h r e e  t i m e s  h i g h e r  t h a n  t h e  b a c k g r o u n d  f i r i n g ,  i n d i c a t i n g  t h a t  
t h e  H I  a n d  V 2  n e u r o n s  d e t e c t  t h i s  s t i m u l u s  ( w i t h  I  0 0  s u m m a t i o n s ) .  T h e  t r a n s i e n t  
r e s p o n s e s  o f  b o t h  c e l l s  i n c r e a s e d  i n  h e i g h t  t o  a  s a t u r a t i o n  l e v e l ,  b u t  w i t h  a n  a l m o s t  
c o n s t a n t  r e s p o n s e  d u r a t i o n  a s  t h e  s t i m u l u s  d u r a t i o n  i n c r e a s e d  t o  a b o u t  4 0  m s .  T h e n ,  
f o r  s t i m u l i  l o n g e r  t h a n  7 0  m s ,  a  s t e a d y  s t a t e  r e s p o n s e  a p p e a r e d  w i t h  t h e  s a m e  w i d t h  
a s  t h e  s t i m u l u s  d u r a t i o n .  T h e  s t e a d y  s t a t e  r e s p o n s e  i s  l o w e r  t h a n  t h e  t r a n s i e n t  
r e s p o n s e ,  i n d i c a t i n g  t h a t  H l  a n d  V 2  a r e  h i g h - p a s s  n e u r o n s  w h i c h  d e t e c t  c h a n g e s  i n  
s t i m u l u s .  I n  s h a r p  c o n t r a s t  t o  t h e  r e s p o n s e  t o  a  m o v i n g  g r a t i n g ,  n o  o s c i l l a t i o n  i n  t h e  
r e s p o n s e  a m p l i t u d e  i s  o b s e r v e d ,  i n d i c a t i n g  t h a t  t h e  r e s p o n s e  t o  a  m o v i n g  b a r  i s  n e a r e r  
t o  t h e  p r o p e r t i e s  o f  t h e  E M D s .  
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difference between cell 25 and cell 31 in the response as a function of stimulus 
duration. As stimulus duration increased, the firing frequency of the transient 
response of cell 25 also steadily increased, and then saturated when stimulus 
duration was 65 ms or longer. The response duration ( as defined above) 
remained constant within about the first 32 ms period of stimulation, then 
increased with the stimulus duration. But the V2 neuron has a relatively lower 
firing rate than the Hl neuron, for example, cell 25 produced 163 spike/s at a 
stimulus duration of about 39 ms, at which cell 31 was firing at a rate of 220 
spikes/s. This result suggests that motion in a horizontal direction has a bigger 
gain than in a vertical direction. However both had the same transient period of 
32 ms when responding to a bar motion at 16 deg/s, indicating again that their 
EMD inputs are similar. 
4-3-2. The influence of stimulus speed on the response. 
The transient response depends on the angular distance moved by the bar, and . 
also on the angular velocity of the movement. We focus upon these variables by 
plotting the transient amplitude first as a function of the duration of the bar 
motion (figure 4-2a,b) and then again as a function of the stimulus displacement 
(figure 4-3a,b ), corresponding to different speeds arranging from 8 deg/s to 80 
deg/s for the Hl and V2 neurons. The records were made separately from the 
Hl neurons ( cell 58, cell 31, cell 38, cell 29, cell 49, cell 50 and cell 51) and the 
V2 neurons ( cell 24, cell 25, cell 45, cell 46, cell 4 7, cell 77 and cell 59). Each cell 
was tested at one bar speed. 
Looking at the curves of the relative response against stimulus duration, it is 
found that the neurons were strongly influenced by stimulus duration. However, 
the change of the bar speed at which the tests were made has some effects on the 
relative response to change of speed at low stimulus durations, but bar speed has 
F i g u r e  4 - 2 .  T r a n s i e n t  r e s p o n s e s  o f  H  1  a n d  V 2  n e u r o n s  t o  a  b l a c k  m o v i n g  b a r  v e r s u s  
t h e  s t i m u l u s  d u r a t i o n  f o r  d i f f e r e n t  s p e e d s ,  a s  i n d i c a t e d  i n  t h e  i n s e t s .  A s  t h e  s t i m u l u s  
d u r a t i o n  i n c r e a s e d ,  t h e  r e s p o n s e s  o f  b o t h  k i n d s  o f  n e u r o n s  f i r s t l y  i n c r e a s e d ,  t h e n  
s a t u r a t e d ,  a n d  f i n a l l y  e i t h e r  r e m a i n e d  a t  a  h i g h  l e v e l  ( t h e  H I  n e u r o n s ,  s e e  ( a ) )  o r  f e l l  
( t h e  V 2  n e u r o n s ,  s e e  ( b ) ) .  A p p a r e n t l y ,  t h e  r e s p o n s e s  a r e  s t r o n g l y  d e p e n d e n t  o n  t h e  
v e l o c i t y .  T h e  a b s o l u t e  s t r e n g t h  o f  t h e  r e s p o n s e s  t o  a  f a s t  m o t i o n  i s  b i g g e r  t h a n  t o  a  
s l o w  o n e  (  4 - 2 b  ) .  T h e  t i m e  t o  s a t u r a t i o n  i s  a b o u t  8 0  m s  a t  t h e  s p e e d  o f  8  °  / s ,  4 0  m s  a t  
1 6  °  / s ,  a n d  3 0  m s  a t  3 2  °  / s  (  4 - 2 a  &  4 - 2 b  ) .  A  c r i t i c a l  s p e e d  o f  4 8  °  / s  i s  f o u n d  f o r  
b o t h  n e u r o n s ,  b e y o n d  w h i c h  t h e  n e u r o n s  f i r e d  s i m i l a r l y  i n  b o t h  r e s p o n s e  s t r e n g t h  a n d  
t h e  t i m e  t o  s a t u r a t i o n .  
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little effect on the response to change of speed for the stimulus durations above 
40 ms. The firing frequency increased initially, then saturated and then either fell 
or remained high with increasing stimulus duration with little dependence on bar 
speed (Fig. 4-2). 
The findings are that: i). The initial transient period, measured as the period 
during which the response increased linearly with increasing stimulus duration, 
was dependent on bar speed, decreasing from 60 ms to 13 ms with increasing bar 
speed up to 80 ° /s. ii) The saturation level was also decided by the stimulus 
speed. A more rapid motion produced a higher level of plateauing, for example, 
the plateau level of responding to 64 deg/s was twice as high as the level of 
responding to 8 deg/s for the Hl neuron. iii). To a slow motion stimulus of 8 
deg/s the response remained at the saturation level without falling again; but to 
stimuli faster than 16 deg/s the response eventually dropped down, the greater 
the speed, the faster it dropped down. This is in strong contrast to the findings 
with a grating stimulus (Fig. 3-7), where the responses never dropped with 
increasing stimulus duration. iv). The velocity of the motion had a similar 
influence on both Hl and V2 neurons. These findings are illustrated by a 
comparison of the family of the response-duration curves for Hl (Fig. 4-2a) with 
those for V2 (Fig. 4-2b ). 
The curves of the transient response against the distance moved by the bar 
showed no significant dependence on speed during the first 0.43 degrees of 
stimulus displacement (figure 4-3). In this domain, the strength of the response 
was linearly dependent on the distance moved by the bar, being little affected by 
the speed; the influence of the stimulus speed was observed only when the 
distance moved by the bar exceeded 0.43 degrees. 
F i g u r e  4 - 3 .  T h e  r e s p o n s e s  o f  ( a )  H I  a n d  ( b )  V 2  v e r s u s  t h e  b a r  d i s p l a c e m e n t .  T h e  
r e s p o n s e  d a t a  a r e  t h e  s a m e  a s  i n  F i g .  4 - 2 ,  b u t  n o w  r e p l o t t e d  a g a i n s t  t h e  a n g u l a r  
d i s t a n c e  o f  t h e  b a r  m o v e m e n t .  T h i s  f i g u r e  d e m o n s t r a t e s  t h a t  t h e  r e s p o n s e s  a r e  
l i n e a r l y  d e p e n d e n t  o n  t h e  s t i m u l u s  d i s p l a c e m e n t  u p  t o  a b o u t  0 .  7 ° .  T h e  t r a n s i e n t  f i r i n g  
f r e q u e n c y  d e p e n d s  o n  d i s p l a c e m e n t ,  i r r e s p e c t i v e  o f  t h e  m o v e m e n t  s p e e d  a n d  
d u r a t i o n .  T h e  r e s p o n s e s  w e r e  s a t u r a t e d  a f t e r  a b o u t  1 . 2 5 ° ,  w h i c h  m a y  r e f l e c t  a  s p a t i a l  
p r o p e r t y  o f  t h e  E M D ' s .  
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While responding to the first 0.43 degrees of movement, the V2 neurons 
produced an almost constant peak firing frequency of about 390 spikes/sec/deg 
(figure 4-3b); and a rate of 307 + 71 spikes/sec/deg was obtained from the peak 
responses of the Hl neurons. These rates are higher than those observed in 
response to stimulation by a moving grating, indicating that the cells are more 
sensitive to a target than to the background movement although they are 
normally regarded as optomotor neurons. Also, V2 produces a larger response 
than Hl for the case of a bar to the first 0.43° of stimulus displacement. 
Beyond this critical distance of 0.43 degrees, the responses were dependent on 
the velocity of movement, in that a higher velocity generates a statistically larger 
response for a stimulus movement of a given distance. Finally, we find that when 
the stimulus was moved further than 1.4 degrees, the peak of the response 
started to decrease in all cases, suggesting that the EMD's possess a motion 
receptive field of about 2.8 degrees for this stimulus. 
A lower threshold of abouf0.13 degrees was found for both Hl and V2 neurons 
with a bar stimulus, irrespective of bar speed and the stimulus duration. When 
the distance moved by bar is bigger than this angle the neurons always produce a 
significant response which is three times higher than the background firing 
frequency. 
4-3-3. Linear spatial accumulation distance and integration time. 
We now turn to the determination of two fundamental parameters of motion 
detection in more detail, the size of the linear accumulation distance of stimulus 
motion, and the length of the integration time. Here the accumulation distance 
is defined as the range of stimulus displacements over which the response is 
dependent primarily on the distance moved by the bar, irrespective of the speed 
I 
C. 
I 
I 
j 
1 
I 
' 
II 
I 
,! 
I 
' 
' 
I 
I 
I 
l 
41 
and duration of the movement. Thus, it is a direct measure of the range of the 
graded response to spatial displacements. The integration time is defined as (a) 
the period over which the response only increases in amplitude, without 
changing any of its temporal characteristics, as the stimulus duration increases. 
In fact, (b) the duration of the transient response at 50% amplitude, also called 
the integration time, which is also relevant in evaluating the temporal resolution. 
Constancy of response width, with the above stimulus conditions, is an indication 
that the mechanism is unable to discriminate different stimulus durations within 
this period. Thus integration time is a measure of the temporal resolution with 
respect to motion detection. 
The measurement of the linear accumulation distance was performed in a V2 
neuron ( cell 37) by recording the response to fixed displacements with different 
combinations of the speed and stimulus duration. The displacement was first 
chosen to be 0.62 degrees, with the speeds set to 16 deg/s, 32 deg/s, and 48 
deg/s, and the corresponding durations set to 39, 19.5, and 13 ms, respectively. 
The response was constant in amplitude for each of the three combinations of 
stimulation, differing only in the time to peak and the latency (figure 4-4a). A 
similar result was obtained from experiments with the Hl neuron. These 
experiments clearly demonstrate that the cells are able to accumulate response 
over a displacement up to 0.62 degrees in the spatial domain. Over this range of 
displacements, the cell responds by generating the same firing frequency in 
response to a given displacement, irrespective of the speed and the duration of 
the displacment. But, when a stimulus displacement of 1.25 degree was used, the 
different speeds of the bar produced big differences either in the amplitude or in 
the temporal parameters of the response (Fig.4-4b ). Therefore the 1.25 degrees 
displacement obviously falls outside this range. In our most experiments the 
linear accumulation distance was around only 0.62 degree. This is small, and 
shows that the motion perception processes are local. 
F i g u r e  4 - 4 .  D e m o n s t r a t i o n  o f  l i n e a r  s p a t i a l  i n t e g r a t i o n  d i s t a n c e .  T h e  r e s p o n s e s  w e r e  
r e c o r d e d  f r o m  a  V 2  n e u r o n  t o  a  b l a c k  m o v i n g  b a r  o f  w i d t h  3 . 3 ° .  T h e  p a t t e r n  w a s  
m o v e d  i n  t h e  p r e f e r r e d  d i r e c t i o n  a t  v a r i o u s  s p e e d s  a s  i n d i c a t e d  i n  t h e  i n s e t s  t o  k e e p  
t h e  d i s t a n c e  m o v e d  a t  a  c o n s t a n t  o f  0 . 6 2 °  ( a ) ;  o r  1 . 2 5 °  ( b  ) .  W h e n  t h e  n e u r o n  
r e s p o n d e d  t o  a  c o n s t a n t  d i s p l a c e m e n t  o f  0 . 6 2 ° ,  i t  a l w a y s  p r o d u c e d  r e s p o n s e s  o f  
s i m i l a r  s t r e n g t h ,  i r r e s p e c t i v e  o f  t h e  s p e e d  a n d  d u r a t i o n  ( a ) .  B u t  w h e n  a  1 . 2 5 °  
d i s p l a c e m e n t  w a s  p r e s e n t e d ,  t h e  r e s p o n s e  s t r e n g t h s  w e r e  s i g n i f i c a n t  b y  d i f f e r e n t  ( b ) .  
T h e s e  f a c t s  i n d i c a t e  t h a t  o v e r  t h e  f i r s t  0 . 6 2 °  o f  t h e  s t i m u l u s  t h e  r e s p o n s e  s t r e n g t h  
i n d i c a t e s  o n l y  t h e  d i s p l a c e m e n t .  T h e  r e f  o r e ,  t h e  r e s p o n s e  s t r e n g t h  c a n  b e  c o n s i d e r e d  
a s  a  l i n e a r  i n t e g r a t i o n  o v e r  t h i s  a n g l e .  O b v i o u s l y ,  t h e  r e s p o n s e  t o  a  d i s t a n c e  o f  1 . 2 5 ° ,  
g r a t e r  t h a n  t h i s  i n t e g r a t i o n  d i s t a n c e ,  i s  i n f l u e n c e d  b y  o t h e r  f a c t o r s ,  s u c h  a s  t h e  s p e e d .  
I t  i s  a l s o  a p p a r e n t  t h a t  t h e  n e u r o n  p r o d u c e d  a  f a s t e r  r e s p o n s e  t o  a  m o r e  r a p i d  m o t i o n .  
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With a bar stimulus, the integration time was measured by plotting the width at 
50% of the response against the stimulus duration (see Fig.4-5a). The 
measurement was done on a number of Hl neurons ( cells 31, 29, 48 and 51 ). 
Each cell was stimulated with a different speed (16 deg/s, 32 deg/s, 48 deg/sand 
80 deg/s), since it took too long to stimulate one cell with all speeds. 
The duration of the temporal width (T) is constant over an initial period for all 
speeds of the stimuli, and is equal to the integration time in length, according to 
one definition. However, it becomes shorter as the stimulus duration increased, 
in a good greement with the results of Zaagman WH, Mastebroeh K & de 
Ruytter van Steveninck (1983). The duration was 40 ms 1n response to 
movement of velocity 16 deg/s, 26 ms for movement of velocity 32 deg/s, 20 ms 
for movement of velocity 48 deg/s, and less than 20 ms when the velocity was 
greater than 80 deg/s. These durations are plotted in Fig.4-5b together with 
comparable results from a group of V2 neurons. The two curves coincide, 
suggesting that Hl and V2 have the same temporal integration process. 
Ultimately, the durations at 50% become exactly equal to the stimulus duration, 
by which time the responses are saturated in amplitude, indicating that this 
duration is beyond the range of temporal integration. 
4-3-4. Velocity response of the motion detectors. 
Having investigated the influence of the distance and duration of the motion of 
the stimulus on the response of the Hl and V2 neurons, we now turn our 
attention to experiments that explore the functional relationship between the 
response and the stimulus speed. 
As an illustration, the responses of cell 63 (the Hl neuron) and cell 68 (the V2 
neuron) to 135 ms motion of a dark bar of width 3.3 degrees, are shown in Fig.4-
F i g u r e  4 - 5 .  ( a )  R e s p o n s e  w i d t h ,  w h i c h  i s  d e f i n e d  a s  a  w i d t h  a t  5 0 %  o f  t h e  r e s p o n s e  
p e a k ,  v e r s u s  s t i m u l u s  d u r a t i o n .  T h e  m e a s u r e m e n t s  w e r e  d o n e  o n  a  n u m b e r  H  1  
n e u r o n s  w h i c h  r e s p o n d e d  t o  a  b l a c k  b a r  o f  w i d t h  3 . 3 °  m o v i n g  a t  t h e  s p e e d s  r a n g i n g  
f r o m  1 6  °  / s  t o  8 0  °  / s  w i t h  a  d u r a t i o n  f r o m  6 . 5  m s  t o  7 8  m s .  A s  t h e  s t i m u l u s  d u r a t i o n  
i n c r e a s e d ,  t h e  r e s p o n s e  f i r s t  r e m a i n e d  a  c o n s t a n t  w i d t h  f o r  a n  i n i t i a l  p e r i o d  ( T )  o f  
t h e  s t i m u l u s ,  t h e n  w a s  t h e  s a m e  d u r a t i o n  a s  t h e  s t i m u l u s .  T h e  t i m e  o f  T  i s  d e p e n d e n t  
o n  t h e  m o t i o n  s p e e d ;  f o r  e x a m p l e ,  i t  i s  2 0  m s  w h e n  t h e  s t i m u l u s  i s  4 8  °  / s ,  a n d  a b o u t  
4 0  m s  f o r  a  m o t i o n  o f  1 6  °  / s .  A c c o r d i n g  t o  o n e  d e f i n i t i o n  o f  t h e  i n t e g r a t i o n  t i m e ,  
d u r i n g  t h i s  p e r i o d  T  t h e  s t i m u l u s  c a n  b e  i n t e g r a t e d  b y  t h e  n e u r o n  t o  g i v e  t h e  
r e s p o n s e  s t r e n g t h ,  b u t  w i t h o u t  c h a n g i n g  t h e  r e s p o n s e  t e m p o r a l  p a r a m e t e r s ,  s u c h  a s  
t h e  w i d t h  o f  t h e  r e s p o n s e  a n d  t h e  t i m e  t o  p e a k .  T h e  r e l a t i o n  b e t w e e n  ( T )  a n d  t h e  
s t i m u l u s  s p e e d  i s  p l o t t e d  i n  ( b ) ,  t o g e t h e r  w i t h  c o m p a r a b l e  r e s u l t s  f r o m  V 2  n e u r o n s .  
A s  t h e  s p e e d  i n c r e a s e d ,  t h e  i n t e g r a t i o n  t i m e  o f  b o t h  n e u r o n s  d e c r e a s e d  e x p o n e n t i a l l y  
f r o m  6 5  m s  a t  8  °  / s  t o  a b o u t  2 0  m s  a t  8 0  °  / s .  T h e  i n t e g r a t i o n  t i m e  i s  r e l a t e d  t o  t h e  
t e m p o r a l  r e s o l u t i o n ,  w h i c h  i s  i m p r o v e d  f o r  f a s t e r  m o t i o n s .  
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F i g u r e  4 - 6 .  T h e  r e s p o n s e s  o f  H  1  a n d  V 2  v e r s u s  s t i m u l u s  v e l o c i t i e s .  T h e  e x p e r i m e n t  
w a s  t o  t e s t  h o w  o n e  H  1  a n d  o n e  V 2  n e u r o n  r e s p o n d s  t o  a  b l a c k  b a r  o f  w i d t h  3 . 3 °  a t  
d i f f e r e n t  s p e e d s ,  a s  i n d i c a t e d ,  f o r  1 3 0  m s ,  w h i c h  i s  l o n g  e n o u g h  t o  r e v e a l  t h e  
p r o p e r t i e s  o f  t h e  n e u r o n s  i n  b o t h  t r a n s i e n t  a n d  s t e a d y  s t a t e s .  A s  t h e  s p e e d  o f  t h e  b a r  
m o v e m e n t  i n c r e a s e d ,  t h e  r e s p o n s e s  c h a n g e d  t h e i r  p a r a m e t e r s ,  a s  t h e  r e s p o n s e  s t r e n g t h  
i n c r e a s e d  a n d  t h e  t i m e  t o  p e a k  a s  w e l l  a s  t h e  l a t e n c y  s h o r t e n e d ,  p a r t i c u l a r l y  o v e r  a  
r a n g e  f r o m  8  °  / s  t o  4 0  °  / s .  T h e r e  i s  n o  s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  t h e  H  1  a n d  V 2  
n e u r o n s .  H o w e v e r ,  a  s l i g h t ,  e x c e p t  a t  h i g h  s p e e d s ,  e s p e c i a l l y  o v e r  8 0  °  / s .  T h e  H l  
n e u r o n  c o u l d n ' t  p r o d u c e  a  r e s p o n s e  w i t h  s e p a r a t e  t r a n s i e n t  a n d  s t e a d y  s t a t e s  a s  t h e  
V 2  d i d ,  i n s t e a d  g i v i n g  a  n e g a t i v e  p h a s e  a t  t h e  m o m e n t  t h e  b a r  s t o p p e d .  I f  t h e  
r e s p o n s e  i n d e e d  c o n s i s t s  o f  t w o  s t a g e s  - t h e  t r a n s i e n t  a n d  s t e a d y  s t a t e s ,  i t  i s  p r o b a b l e  
t h a t  t h e  r e c o r d  i s  a  w e i g h t e d  s u m m a t i o n  o f  t h e s e  t w o  p a r t s .  W h e n  r e s p o n d i n g  t o  a  
m o t i o n  a t  l o w  s p e e d ,  f o r  e x a m p l e  a t  8  °  / s  t h e r e  i s  n o  t r a n s i e n t  p e a k  i n  t h e  r e s p o n s e ,  
s u g g e s t i n g  a  l o w - p a s s  f i l t e r  o r  c h a n n e l .  B u t  a b o v e  1 6  °  / s ,  t h e r e  i s  a  h i g h  t r a n s i e n t  
p e a k  i n  t h e  r e s p o n s e .  
(a) Hl responses vs velocities 
1000 
900 
duration= 130 ms 
800 velocity= 
700 
,.-. 80 deg/s ~ 
~ 600 en 56 deg/s Q.) 
~ 
0. 48 deg/s en 500 ........, 
Q.) 
~ 
c:: 40 deg/s 0 400 0. 
en 
Q.) 32 deg/s ~ 
300 
24 deg/s 
200 
16 deg/s 
100 8 deg/s 
0 
0 100 200 300 400 500 600 
Time (msec) 
(b) V2 responses vs velocities 
1000 
900 
duration= 130 ms 
800 velocity= 
700 
160 deg/s ,.-. ~ 
en 
600 120 deg/s ...._ en Q.) 
80 deg/s ~ 
0. 
en 500 72 deg/s ........, 
Q.) 
en 64 deg/s c:: 
0 400 0. 56 deg/s en Q.) 
~ 48 deg/s 300 
40 deg/s 
200 32 deg/s 
24 deg/s 
100 .16 deg/s 
8 deg/s 
0 
0 100 200 300 400 500 600 
1' Time (msec) 
I 
I 
1 
1, 
II 
ii 
• 
I' 
I 
' 
I'· 
i 
I 
43 
6a and Fig.4-6b respectively for velocities ranging from 8 deg/s to 80 deg/s in 8 
0 /s steps. The duration of movement, 135 ms, was sufficient to reveal the initial 
transient peak and the subsequent steady plateau. When the motion stops, the 
response falls rapidly back to the spontaneous level (see figure 4-6). 
Let us now examine whether the Hl and V2 neurons can measure the velocity of 
the bar as shown by their transient responses in terms of fundamental 
parameters such as the spike frequency at peak, the latency of responses 
measured from the beginning of stimulation to the start of the response, and the 
initial slope of the response. The results show that features of the response, such 
as the peak firing frequency, the plateau level, the response acceleration (which 
is defined as the slope of the firing frequency against the time), the latency and 
the time to peak, are strongly dependent on the stimulus velocity, in agreement 
with the previous results. 
For the bar stimulus the absolute firing frequency of the peak transient response 
increases monotonically with increase of the velocity, and almost linearly with 
bar velocity up to a saturation level of about 60 deg/s (figure 4-7a). Both Hl and 
V2 neurons are similar in their response to stimulus speed, but the firing 
frequency of cell 63 was higher than cell 68 by about 46 spikes/s. 
The plateau impulse frequency also depends on the velocity of the bar, for 
velocities from 8 deg/s, which was the slowest available speed in our experiment, 
to about 55 deg/s (figure 4-7b ). The response saturates above this speed. Once 
again there is no siginificant difference between Hl and V2, except that the 
curve for V2 appears to shift to the left, and its plateau response saturates at 
velocity slightly below 55 deg/s. 
F i g u r e  4 - 7 .  ( a )  T h e  t r a n s i e n t  r e s p o n s e s  ( R t ) ,  ( b )  t h e  s t e a d y  s t a t e  r e s p o n s e s ,  ( c )  t h e  
r e s p o n s e  s l o p e s  o f  t h e  H  1  a n d  V 2  n e u r o n s ,  a n d  (  d )  t h e  t i m e  t o  p e a k  ( T u ) ,  v e r s u s  t h e  
b a r  s p e e d  ( V ) .  T h e s e  f o u r  p a r a m e t e r s  t o g e t h e r  p r o v i d e  a  q u a n t i t a t i v e  d e s c r i p t i o n  o f  
t h e  n e u r o n ' s  r e s p o n s e  t o  d i f f e r e n t  s p e e d s .  I n  t h e  e x p e r i m e n t s  w i t h  t h e  b l a c k  b a r ,  t h e  
n e u r o n s  i n d e e d  c h a n g e d  t h e s e  r e s p o n s e  p a r a m e t e r s  a c c o r d i n g  t o  t h e  s p e e d ,  e s p e c i a l l y  
o v e r  t h e  r a n g e  f r o m  8  °  / s  t o  a b o u t  5 0  °  / s .  ( a )  T h e  t r a n s i e n t  r e s p o n s e s  i n c r e a s e d  
m o n o t o n i c a l l y  f r o m  a b o u t  2 4 0  s p i k e s / s  t o  4 6 0  s p i k e s / s  f o r  c e l l  6 3  ( a  H I  n e u r o n ) ,  a n d  
f r o m  a b o u t  1 8 0  s p i k e s / s  t o  4 2 5  s p i k e s / s  f o r  c e l l  6 8  ( a  V 2  n e u r o n ) .  ( b )  T h e  s t e a d y  
s t a t e  r e s p o n s e  a l s o  i n c r e a s e d  f r o m  a b o u t  1 5 0  s p i k e s / s  t o  2 7 0  s p i k e s / s  f o r  c e l l  6 3 ,  a n d  
f r o m  a b o u t  1 7 0  s p i k e s / s  t o  2 4 0  s p i k e s / s  f o r  c e l l  6 8 .  T h e  t r a n s i e n t  a n d  s t e a d y  s t a t e  
r e s p o n s e s  o f  b o t h  n e u r o n s  s a t u r a t e d  w h e n  t h e  m o t i o n  w a s  f a s t e r  t h a n  a b o u t  5 0  °  / s .  ( c )  
T h e  r e s p o n s e  s l o p e ,  w h i c h  w a s  m e a s u r e d  a s  t h e  f o r m u l a :  R t / ( T o  - T l ) ,  w h e r e  T l  i s  
t h e  l a t e n c y ,  a l s o  i n c r e a s e d  l i n e a r l y  f r o m  a b o u t  4  s p i k e s / s / m s  t o  5 0  s p i k e s / s / m s  a s  t h e  
s p e e d  i n c r e a s e d  f r o m  8  °  / s  t o  a b o u t  4 0  °  / s ,  t h e n  s a t u r a t e d .  T h e  r e s p o n s e  s l o p e  
a c t u a l l y  r e p r e s e n t s  t h e  s p i k e  f i r i n g  a c c e l e r a t i o n ,  s o  t h e  n e u r o n s  i n d i c a t e  t h e  s p e e d  
i n c r e m e n t  b y  j u s t  i n c r e a s i n g  t h e  f i r i n g  a c c e l e r a t i o n  l i n e a r l y .  ( d )  T h e  t i m e  t o  p e a k  
d e c r e a s e d  f r o m  a n  a v e r a g e  8 0  m s  t o  a b o u t  3 2  m s  a s  t h e  s p e e d  i n c r e a s e d  f r o m  8  °  / s  t o  
a b o u t  5 0  °  / s ,  w h i c h  s u g g e s t s  t h a t  t h e  r e s p o n s e  s p e e d  i n c r e a s e s  t o  f a s t  m o t i o n s .  N o t e  
t h a t  t h e  r e s p o n s e s  o f  H I  a n d  V 2  t o  a  m o v i n g  b a r  a r e  b i g g e r  t h a n  t o  a  m o v i n g  g r a t i n g  
( s e e  F i g .  3 - 8 ) ,  h i n t i n g  t h a t  t h e  n e u r o n s  r e s p o n d  b e t t e r  t o  a  s i n g l e  m o v i n g  o b j e c t  t h a n  
t o  a  b a c k g r o u n d  m o t i o n .  
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To study the relationship between the response firing frequency and stimulus 
speed, we define the velocity discrimination coefficient (Cv), for both the 
transient response and the steady steady state response, as the slope of the 
relationship between the actual response as a fraction of the saturated response, 
and the bar velocity. This may be a useful measure for comparison of different 
neurons which are candidates for the measurement of transient or steady 
velocities, but we note that the ability to measure steady state velocity in this way 
is limited to a relatively long time period, and that Cv may be different for each 
stimulating pattern and repetition rate. Later we give reasons to suggest that 
these neurons do not measure velocity as such. For the Hl and V2 neurons in 
the situations tested, a velocity discrimination coefficient of about 6.4 spikes/s 
per 1 deg/s for the transient response, and of about 3.4 spikes/s per 1 deg/s for 
the plateau response is found in the range 8 deg/s (which was the lowest 
available speed in our experiments) to 48 deg/s, providing another piece of 
evidence that there is no fundamental difference in the processing of horizontal 
and vertical motion information, and that the inputs of both cells come from 
similar EMDs. 
The relationship between the firing acceleration and bar velocity is shown in 
figure 4-7c. Both cells appeared to increase response acceleration sigmoidally 
with increasing bar velocity. As bar velocity increases from 8 deg/s to 48 deg/s, 
cell 68 accelerated the firing frequency from 2.4 spikes/sec/ms to 52 
spikes/sec/ms, and the firing acceleration of cell 63 increased from 8 
spikes/sec/ms to 52 spikes/sec/ms. The acceleration saturated at velocities 
above this speed . 
The changes of the latency and the time to peak are similar in both cells ( figure 
4-7d shows the relationship between the time to peak and the stimulus speed). 
The latency is 32.5 ms when the velocity is lower than 16 deg/s, then decreases 
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to 19.5 ms as the speed increases to 32 deg/s, then remains constant. The time to 
peak decreases progressively from 84.5 ms ( cell 68) or 71.5 ms ( cell 63) to 32.5 
ms, as the velocity increases from 8 deg/s to 48 deg/s ( cell 63) or 64 deg/s ( cell 
68), then keeps constant. 
4-3-5. Response to a jump of a bar. 
The recordings were made from Hl ( cell 69) or V2 ( cell 79), with a long dark 
bar of width 3.32°, jumping through an angle ranging from 0.054 degree to 3.21 °. 
Within this range the differences in response sensitivity in different regions of 
the eye, produced by afterimages, will be completely eliminated. The duration of 
the jump was fixed at 1 frame ( 6.5 ms); the interval between jumps was chosen to 
be 5 seconds in order to limit temporal influences such as habituation. The 
responses were averaged over 100 stimulus repetitions. 
When a dark bar in the visual field of the cells is suddenly jumped to a new 
location, the response apparently depends on the angular distance jumped. Both 
cells produced a sharp increase in response amplitude with increasing jump 
angle, as expected. The firing frequency decayed back to the spontaneous rate 
after about 180 ms in cell 69 (the Hl neuron) and 120 ms in cell 79 (the V2 
neuron). With increasing jump angle, the time to peak decreased from 39 ms to 
26 ms for both cells. Unexpectedly, however, when the jump size exceeded a 
critical value, a second peak appeared at about the half-way-point of the falling 
phase of the response. The critical jump angle for appearing the second peak 
was 1.14 degrees for the Hl neuron and 0.62 degrees for the V2 neuron (Fig.4-
8). 
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F i g u r e  4 - 8 .  T h e  r e s p o n s e s  o f  H I  a n d  V 2  t o  a  b r i e f  j u m p  ( 6 . 5  m s )  o f  a  b l a c k  b a r  o f  
w i d t h  3 . 3  ° .  A  j u m p  o f  6 . 5  m s  o b v i o u s l y  f a l l s  i n  t h e  n e u r o n ' s  i n t e g r a t i o n  t i m e ,  s o  
t h a t  t h e  r e s p o n s e  c a n  o n l y  r e v e a l  t h e  s p a t i a l  c h a r a c t e r i s t i c s  o f  t h e  l a r g e - f i e l d  m o t i o n -
d e t e c t i o n ,  f o r  e x a m p l e  t h e  s p a t i a l  i n t e r a c t i o n  b e t w e e n  t h e  E M D s ,  i g n o r i n g  t h e  
t e m p o r a l  i n f l u e n c e s .  T h e  e x p e r i m e n t s  w e r e  c a r r i e d  o n  b o t h  H I  a n d  V 2  n e u r o n s ,  t h e  
e x a m p l e s  o f  t h e  r e s p o n s e s  t o  t h e  j u m p  f r o m  0 . 1 5 °  t o  3 . 2 1  °  a r e  s h o w n  i n  ( a )  f o r  H  1  
a n d  ( b )  f o r  V 2 .  A s  e x p e c t e d ,  t h e  r e s p o n s e s  i n c r e a s e d  a s  t h e  j u m p  d i s t a n c e  i n c r e a s e d  
f r o m  0 . 1 5 °  t o  a b o u t  1  ° .  B u t  s u r p r i s i n g l y ,  t h e  r e s p o n s e  s t r e n g t h  d e c r e a s e d  a s  t h e  j u m p  
d i s t a n c e  i n r e a s e d  o v e r  1 . 1 4 ° ;  a n d  e v e n  a  n e g a t i v e  p h a s e  a s  w e l l  a s  a  s m a l l  s e c o n d  p e a k  
a p p e a r e d  w h e n  t h e  j u m p  d i s t a n c e  w a s  l a r g e r  t h a n  a b o u t  1  ° ,  w h i c h  i s  s i g n i f i c a n t l y  
d i f f e r e n t  t o  t h e  r e s p o n s e  t o  a  b a r  c o n t i n u o u s  m o v e m e n t  ( s e e  F i g .  4 - 6 a  &  4 - 6 b ) .  T h e  
w i d t h s  o f  t h e  r e s p o n s e  a l s o  d e c r e a s e d  a s  t h e  j u m p  d i s t a n c e  i n c r e a s e d .  T h e s e  f a c t s  
s u g g e s t  a  s p a t i a l  i n t e r a c t i o n  b e t w e e n  t h e  E M D s ,  w h i c h  i n h i b i t s  t h e  s p i k e  f i r i n g .  S i n c e  
t h e  n e g a t i v e  p h a s e  a p p e a r e d  o n l y  a b o u t  1 3  m s  a f t e r  t h e  t r a n s i e n t  p e a k ,  t h i s  s p a t i a l  
i n t e r a c t i o n  m a y  h a v e  p a s s e d  t h r o u g h  o n e  o r  t w o  s y n a p s e s .  T h e  s t i m u l u s  m i n i m u m  
d i s p l a c e m e n t  t h r e s h o l d  i s  0 . 3 1  °  u n d e r  t h e  e x p e r i m e n t a l  c o n d i t i o n ,  
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4-3-6. Effects of jump size on response. 
Next, the dependence of response strength on jump angle is further studied by 
plotting the response amplitude versus the jump size. The curves appear to be 
composed of two nearly linear parts, exhibit a bellshaped or more triangle-
shaped profile for cell 79 (V2) as well as cell 106 (Hl) (figure 4-9a). The firing 
frequency increases nearly linearly up to a maximum value, and then decreases 
linearly. The firing frequency of cell 79 increases from 46 spikes/s to 343 
spikes/s with bar jump angle increasing from 0.15° to 1.14°, then linearly 
decreases to 220 spikes/s when the angle increases to 3.2°. The firing frequency 
of cell 106 linearly increases from 75 spikes/s to 360 spikes/s as the jump angle 
increases from 0.2° to 1.24°, then decreases to 260 spikes/s at an angle of 2.59°. 
There is no significant difference in the curves between these two cells, 
exhibiting a spatial similarity of receptive fields. The curves are also in sharp 
contrast to those from a grating stimulus in which the transient response virtually 
never drops down (Fig.3-8), suggesting that there might be two kinds of 
mechanisms in motion detection. 
Additionally, the influence of the bar jump angle on the temporal parameters of 
the response was studied on cell 79 and cell 106 by first plotting the response 
duration at 50% (figure 4-9b ), then the time to peak (figure 4-9c) and the latency 
of the response to onset of bar jump (figure 4-9d), against bar jump angle. As the 
bar jump angle increases, all curves appear to decrease exponentially with the 
50% value approximately at 0.56°, showing an improved temporal resolution for 
both cells. The time to peak decreases from 58 ms to 26 ms over a velocity range 
from 24 deg/s to 170 deg/s, or with the bar jump angle increasing from 0.16° to 
1.1 °, then remains constant at 26 ms. The response duration at 50% is also 
reduced from 52 ms for cell 79 or 58.5 ms for cell 106 to ·10 ms with the bar jump 
angle increasing up to about 1.4°. Meanwhile the latency of the response is 
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F i g u r e  4 - 9 .  T h e  r e s p o n s e  s t r e n g t h  ( a ) ,  w i d t h  ( b ) ,  l a t e n c y  ( c )  a n d  t h e  t i m e  t o  p e a k  ( d )  
o f  a  H l  a n d  V 2  n e u r o n s  p l o t t e d  v e r s u s  a  b l a c k  b a r  b r i e f  j u m p  d i s t a n c e  w i t h o u t  
p r i o r - m o t i o n .  T h e  t r a n s i e n t  r e s p o n s e  o f  b o t h  n e u r o n s  i n c r e a s e d  a l m o s t  l i n e a r l y  f r o m  
5 0  s p i k e s / s  t o  a b o u t  3 5 0  s p i k e s / s  a s  t h e  j u m p  a n g u l a r  d i s t a n c e  i n c r e a s e d  f r o m  a b o u t  
0 . 1 5 °  t o  1 . 2 5 ° ,  c o n f i r m i n g  a g a i n  t h a t  t h e  r e s p o n s e  h e i g h t  i s  l i n e a r l y  d e p e n d e n t  o n  t h e  
d i s p l a c e m e n t  d u r i n g  t h e  i n t e g r a t i o n  t i m e .  I t  d e c r e a s e d  t o  a b o u t  2 0 0  s p i k e s / s  w h e n  t h e  
j u m p  a n g l e  w a s  o v e r  a b o u t  3 °  ( a ) .  T h e  r a t i o  o f  t h e  r e s p o n s e  a c c e l e r a t i o n  t o  t h e  j u m p  
d i s t a n c e  i s  a p p r o x i m a t e l y  2 7 0  s p i k e s / s / d e g r e e ,  w h i c h  o b v i o u s l y  i s  l a r g e r  t h a n  t h e  
r e s p o n s e  t o  a  m o v i n g  g r a t i n g  ( F i g .  3 - 8 ) .  A c t u a l l y ,  t h e  r e s p o n s e  o f  H l  a p p e a r s  t o  b e  
s l i g h t l y  s t r o n g e r  t h a n  t h e  r e s p o n s e  o f  V 2 ,  e s p e c i a l l y  a t  t h e  m a x i m u m  v a l u e .  T h e  V 2  
n e u r o n  w a s  u s u a l l y  m o r e  f a s t e r  t h a n  t h e  H l ,  p o s s e s s i n g  s h o r t e r  t i m e  c o n s t a n t s ,  i n  
t e r m s  o f  t h e  w i d t h  ( b )  a n d  t h e  t i m e  t o  p e a k  ( c ) ;  a l t h o u g h  t h e  b o t h  k i n d s  o f  t e m p o r a l  
p a r a m e t e r s  o f  H l  a n d  V 2  e v e n t u a l l y  d e c l i n e d  e x p o n e n t i a l l y  t o  a  s a m e  u l t i m a t e  v a l u e ,  
a b o u t  1 0  m s  f o r  t h e  w i d t h  a n d  2 6  m s  f o r  t h e  t i m e  t o  p e a k .  H o w e v e r ,  b o t h  n e u r o n s  
h a d  t h e  s a m e  l a t e n c y  2 6  m s  i n  r e s p o n s e  t o  a  b a r  j u m p  f r o m  0 . 1 5 °  t o  a b o u t  0 . 3 ° ,  
w h i c h  d e c r e a s e d  t o  1 3  m s  w h e n  t h e  j u m p  a n g l e  w a s  o v e r  0 . 6 1  °  (  c  ) .  
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reduced from 26 ms to 13 ms. No significant difference was observed between 
Hl and V2 cells except that the response duration at 50% for cell 79 declines 
slightly quicker than for cell 106, indicating that both cells process the visual 
signals in the same way. 
4-3-7. The bellshaped response-displacement curves. 
Undoubtedly, it is a very important feature for further analyzing the properties 
of motion detection that the large-field motion-sensitive neurons possess a 
bellshaped response profile when plotted against the distance the bar jumped 
under the above experiment condition. This has been confirmed again in another 
study, by recording the response of eight V2 neurons ( cell 71, 73, 74, 78, 80, 81, 
82 and 86) to jumping bar. In these experiments, the different jump sizes were 
presented in a random sequence in order to avoid problems, such as a decline in 
the sensitivity of the cell after repeated stimulation. 
When the normalized amplitude of the response is plotted against the bar jump 
angle (figure 4-10), we see that the response-displacement curves of these eight 
cells are almost coincident with those of Fig.4-9. For these bellshaped response-
displacement curves, the average duration at 50% is about 3°. the average peak 
response of about 270 spikes/s appears at a bar jump of 1.7°, which is slightly 
different from the previous finding of about 1.2° in Fig.4-9a; and the responses 
eventually drop to fifty percent of the maximum value when the bar jump angle 
is greater than 3.7°. Once again, an average jump threshold of about 0.13° is 
obtained, defined as that required to elicit a response of three times the 
spontaneous firing rate. 
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4-3-8. The influence of prior motion on the response. 
Large-field motion-sensitive neurons (LFMSN), such Hl and V2, presumably 
collect the outputs of many EMDs in parallel. When a target moves across its 
receptive field, the response of each EMD must be influenced by the preceding 
units, and so, the response of the LFMSN is influenced by a prior-motion 
stimulus. Experiments with prior-motion, therefore, provide a practical way to 
explore the interactions between the EMDs and the structure of the LFMSNs. 
The experiments were done with a dark bar of 3.4° width first moving to the 
centre of the screen at a slow speed to tell the cells there is a prior-target-
motion. Then the bar suddenly (in 6.5 ms) jumps to a new position to generate 
an additional response, which is recorded. After that the bar continues at the 
speed of the prior-motion for 300 ms across the screen. This procedure was 
repeated 100 times to get an averaged response. In our experiments, the speed of 
bar prior bar motion was limited to 40 ° /s to avoid saturation of the response; 
and the jump angle was varied from 0.2° to 3.4° which means that it may reveal 
interactions between neighbouring EMDs. 
An example of the responses of Hl neuron, recorded from cell 85 with prior bar 
motion of 8 ° /s and jump angle ranging from 0.27° to 2.7°, is shown in figure 4-11. 
Compared to the response without prior-motion stimulus (for example cell 69 in 
Fig.4-8a), the responses of cell 85 exhibit an interesting feature in that the firing 
frequency appears to oscillate in amplitude with time. Surpringly, the first peak 
is immediately followed by a non-response phase (Fig.4-11) properly called a 
negative or inhibitory phase that becomes stronger with increasing bar jump 
angle, which is obviously different from that without prior-motion. The fact that 
the transient response with prior-motion was smaller than without prior-motion 
and that a negative phase appeared after the jump distance was larger than 1.03°, 
suggests again that there is a local instantaneous spatial lateral interaction 
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between the EMDs. Functionally, the EMDs units with a lateral inhibition 
network may abstract some kind of velocity contrast from the environment. 
Furthermore, the dependence of the negative phase on the jump angle, dropping 
down to the spontaneous level at a jump of about of 1.03° or bigger, indicates 
that the affects of the lateral inhibition are integrated in the spatial domain over 
a range of a single EMD during the integration time of the LFMSNs. 
4-3-9. The response as a function of background-speeds. 
Next, the influence of prior-motion on the responses of the cells was investigated 
further in a V2 neuron ( cell 90) by using different speeds of prior-motion, 
ranging from O to 40 ° /s and different bar jump sizes ranging from 0.41 ° to l.66°. 
To avoid the influence of the spike firing variation on the results during long 
time recordings, the stimuli with different parameters were presented in a 
random procedure. The responses again show an oscillation in amplitude, first a 
big response peak then strong negative phase then a smaller second peak (figure 
4-12), exhibiting a strong lateral effect for vertical motion detection. This is the 
same as observed in the H 1 neuron ( cell 85), suggesting again that both kinds of 
neurons may adopt a similar mechanism in detecting an object movement with 
prior-motion. As the prior-motion speed increases, the response strength of the 
first peak decreases, clearly demonstrating that the response of the units which 
respond to the bar jump is inhibited by the preceding units which responded to 
bar prior-motion some time ago. In contrast, the height of the second peak 
increased with increasing prior-motion speed, suggesting that the second peak 
was aroused by the units responding to post-movement. 
The negative phase is dependent on the bar jump angle, decreasing as the bar 
jump angle is increasing, reaching the spontaneous level when the bar jump 
angle was 0.83° or bigger. The negative phase of the response is perhaps caused 
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m o t i o n .  
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by the lateral inhibition acting on units which are responding to the bar jump. 
Also under the influence of prior-motion, the time to peak, measured from the 
beginning of the bar jump to the first peak of the response, was shortened by 6.5 
ms to 13 ms, showing that the time constants are shortened if the fly is facing a 
moving environment, so that the fly has a shorter response time in the flying 
state than when resting. 
By considering the above results, it is suggested now that the response of the 
large-field motion detectors is determined virtually by two factors - the response 
of those EMDs which are directly facing an object movement and the lateral 
interactions which come from the proceeding neighbouring units. 
The relationship between the response to a jump and prior /post-motion speeds 
( called background-speeds) was also studied in detail on cell 90. The relative 
response strength, measured as the percentage of the response of the first peak 
with prior-motion to the response without prior-motion, was plotted against the 
speed of background motion for all jump angles in figure 4-13. 
Generally speaking, with increasing speed of prior motion, the relative response 
decreased nearly linearly by between ten percent and forty percent, depending 
on the speed of prior motion and the angle that the bar jumped. An average 
decrement rate of 0.8% for per deg/s of prior motion is obtained, which means 
that lateral inhibition might arise linearly from the prior-motion speed. 
However, this decrement rate is also dependent on the bar jump angle, as that 
the relative response decreased more quickly to a small jump than to a big jump, 
i.e, it decreased from 0.92 to 0.625 for the jump distance 0.4°, from 0.875 to 0.74 
for the jump 0.83°, from 0.845 to 0.68 for the jump 1.2°, and from 0.79 to 0.624 
for the jump 1.66°, as the background speed increased from 8 ° /s to 32 ° /s (Fig.4-
13). Additionally, with the same speed of prior motion, the relative response was 
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F i g u r e  4 - 1 3 .  A  c o m p r e h e n s i v e  m e a s u r e m e n t  o f  t h e  i n f l u e n c e  o f  t h e  p r i o r - m o t i o n  o n  
t h e  r e s p o n s e .  T h e  r e l a t i v e  r e s p o n s e  i s  p l o t t e d  a s  t h e  r a t i o  o f  t h e  t r a n s i e n t  r e s p o n s e  a t  
p r i o r - m o t i o n  s p e e d  O  
O  
/ s  t o  t h e  t r a n s i e n t  r e s p o n s e  u n d e r  t h e  i n f l u e n c e  o f  t h e  p r i o r -
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p e r  d e g / s  o f  p r i o r  m o t i o n  i s  o b t a i n e d .  S e c o n d l y ,  i n  m o s t  c a s e s  t h e  r e l a t i v e  r e s p o n s e  t o  
a  s m a l l  j u m p  w a s  s t r o n g e r  t h a n  t h a t  t o  a  b i g  j u m p ,  a l t h o u g h  t h e  n e u r o n  a c t u a l l y  
p r o d u c e d  a  s t r o n g e r  a b s o l u t e  r e s p o n s e  t o  a  b i g  j u m p .  
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usually bigger to a small jump than to a big jump, although the absolute firing 
frequency of the transient response was bigger to a big jump than to a small 
jump (Fig. 4-12). 
Those facts can be explained if the response of the LFMSNs to the jump is an 
interaction of the responses of those EMDs which receive the stimulus of the bar 
jump, with the lateral inhibition produced by the prior-motion. Obviously, a 
faster prior-motion means a stronger inhibition, and a bigger jump simply means 
more units affected by inhibition. This spatial lateral inhibition has only limited 
range, mostly by the neighbouring units, as shown by the finding that the strong 
inhibitory effect was appeared when the jump size was only 0.83°. 
4-3-10. Velocity contrast measurement. 
A network with strong lateral inhibition between the components may abstract 
some kind of contrast in the stimulus; in this case measuring the velocity contrast 
in the movement. So let us now look at this kind of measurement, by studying 
the response contrast as a function of jump angle or jump velocity, and then 
relate this to the velocity contrast of bar movement. The response contrast is 
measured by dividing the firing frequency of the peak transient response by the 
mean firing frequency of the response to the prior-motion. The velocity of the 
bar jump is defined as the ratio of jump angle to jump duration ( 6.5 ms). The 
velocity contrast is defined as the ratio of the speed of the jump to the speed of 
the prior motion. 
As velocity contrast is increased, by increasing the bar jump angle, the response 
contrast follows linearly (figure 4-14a). With increasing the bar jump angle from 
0.415° to l.66°, the contrast of the response increased in the following way: when 
the background speed of bar movement was O O / s the response contrast 
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F i g u r e  4 - 1 4 .  T h e  t r a n s i e n t  r e s p o n s e  c o n t r a s t  a s  a  f u n c t i o n  o f  j u m p  a n g l e .  T h e  
t r a n s i e n t  r e s p o n s e  c o n t r a s t  i s  m e a s u r e d  b y  d i v i d i n g  t h e  p e a k  f i r i n g  f r e q u e n c y  o f  t h e  
t r a n s i e n t  r e s p o n s e  t o  t h e  b a r  j u m p ,  b y  t h e  m e a n  f i r i n g  f r e q u e n c y  o f  t h e  r e s p o n s e  t o  
t h e  b a r  p r i o r - m o t i o n .  T h e  t r a n s i e n t  v e l o c i t y  c o n t r a s t  o f  a  b a r  j u m p  i s  d e f i n e d  a s  a  
r a t i o  o f  t h e  b a r  j u m p  s p e e d  t o  t h e  b a c k g r o u n d  s p e e d  o f  t h e  b a r  m o t i o n .  T h e  s p e e d  o f  
t h e  b a r  j u m p  i s  m e a s u r e d  b y  d i v i d i n g  t h e  j u m p  a n g u l a r  d i s t a n c e  b y  t h e  J u m p  
d u r a t i o n  ( 6 . 5  m s ) .  A s  t h e  j u m p  a n g l e  i n c r e a s e d  f r o m  0 . 4 1 5 °  t o  l  . 6 6 °  i n  0 . 4 1 5 °  s t e p s ,  
w h i c h  a l s o  m e a n s  i n c r e a s i n g  v e l o c i t y  c o n t r a s t ,  t h e  t r a n s i e n t  r e s p o n s e  c o n t r a s t  a l s o  
i n c r e a s e d ,  a n d  a l l  r e s p o n s e  c o n t r a s t  c u r v e s  a p p e a r  t o  b e  a  l i n e a r  f u n c t i o n  o f  t h e  
t r a n s i e n t  v e l o c i t y  c o n t r a s t .  T h i s  i s  d e m o n s t r a t e d  b y  c o m p a r i n g  t h e  r e s p o n s e  c o n t r a s t  
c u r v e s  w i t h  t h e  v e l o c i t y  c o n t r a s t  c u r v e s  ( i n  ( b ) ) ,  w h i c h  s h o w s  t h a t  b o t h  k i n d s  o f  
c u r v e s  h a v e  a  s i m i l a r  s h a p e  w h e n  p l o t t e d  a g a i n s t  t h e  j u m p  d i s t a n c e .  I n  f a c t ,  a f t e r  
m a k i n g  a  q u a n t i t a t i v e  c a l c u l a t i o n  a b o u t  t h e  r a t i o  o f  t h e  c o m p e n s a t e d  t r a n s i e n t  
r e s p o n s e  c o n t r a s t  t o  t h e  t r a n s i e n t  v e l o c i t y  c o n t r a s t ,  a n  a v e r a g e  r a t i o  o f  0 . 6 ± 0 . 0 8  i s  
o b t a i n e d ,  s u g g e s t i n g  t h a t  t h e r e  i s  a  v e l o c i t y  c o n t r a s t  m e a s u r e m e n t  i n  m o t i o n  d e t e c t i o n  
( s e e  a l s o  i n  F i g  5 - 1 2 ) .  
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increased from 0.87 to 0.9; when the background speed was 8 ° /s it increased 
from 0.4 7 to 0.51; and when the background speeds were 16 ° / s, 24 ° / s and 32 
0 
/ s, it increased from 0.3 to 0.45, 0.21 to 0.4 and 0.14 to 0.34 respectively. 
Examination of these response contrast vs jump size curves suggests that they 
come from the same function but with different parameters, resulting in a nearly 
parallel curves in contrast space (Fig.4-14a). However, as expected, the curve 
with slower prior-motion is above that with faster prior-motion, simply because a 
faster prior-motion means a lower stimulus contrast. But with faster prior-
motion the curve appears slightly sharper in its increase than with a slower 
speed. Response contrast therefore depends on velocity contrast, which can be 
studied further by comparing the curves of response contrast with the curves of 
velocity contrast (Fig.4-14b ). These two groups of curves are similar in their 
behaviour, exhibiting a close relationship. Furthermore, after calculating the 
ratio of the compensated response contrast to the velocity contrast, an average 
ratio about of 0.60 + 0.08 is obtained for most examples. This simply means that 
the ratio of the transient response contrast to velocity contrast of the LFMSNs 
may be around a constant at 0.60 when abstracting the velocity contrast of an 
object movement in the transient state. This ratio is so close to the golden ratio 
of 0.618 that implies that the processing mechanism may follow the principle of 
this beautiful golden ratio of 0.618 in motion detection, or possibly in the visual 
signal abstractions. 
4-3-11. Sigmoidalshaped response-displacement curves. 
Another influence of prior-motion is to change the course of the response. The 
experiments were done on two Hl neurons (cell 100 and cell 102) and two V2 
neurons ( cell 101 & cell 103). The responses, measured for the range of jump 
distances from 0.2° to 3.4° for a bar that prior-moved at two different speeds, i.e, 
8 ° /s (for cell 100 & cell 101) and 16 ° /s (for cell 102 & cell 103), are shown in 
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figure 4-15 (cell 100 and cell 102) and figure 4-16 (cell 101 & cell 103). 
Comparing the responses of the other Hl neurons (for example, cell 85 Fig.4-
11), these two Hl cells exhibit a slight difference, in that the negative phase of 
the responses of the Hl neurons was not so significant as observed before. 
However, the responses of the V2 neurons still possess a strong negative phase, 
behaving in the way that we described before. This may be a indication that the 
influence of prior-motion is less on the response of Hl than on V2, giving a hint 
that motion detection in the vertical-direction involves more lateral inhibition 
than in the horizontal direction. 
The response-displacement curves of the responses of these cells, under the 
influence of prior-motion, are plotted in figure 4-17a (for the Hl cells) & 4-17b 
(for the V2 cells). All exhibit a significant difference from the curves without 
prior-motion, whether the response drops down or not as the bar jump angle 
increases. The responses of those cells which are responding to a stimulus with 
prior-motion simply increase their firing frequency and eventually saturate. The 
V2 neurons ( cell 101 & 103) increase their firing frequency sigmoidally as the 
bar jumps from 0.2° up to 1.5°, and then saturate; but, the responses with 16 ° /s 
prior-motion were considerably weaker than with 8 ° /s prior-motion. The two 
response curves appear to be parallel when plotted against the bar jump angle, 
showing the same dependence on the speed of the prior-motion. The responses 
of Hl neurons ( cell 100, 102) are different in that they never saturate. The bar 
jump angle reached 3.4° which, is equal to the width of the bar, so that it was the 
biggest jump size ever used in the experiments, and it achieved a firing frequency 
of 400 spikes/s. In contrast, the responses that are generated by the stimulus 
without prior-motion, always drop down when the bar jump angle is larger than 
about 1.2°, as already demonstrated repeatedly. 
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F i g u r e  4 - 1 5 .  T h e  r e s p o n s e s  o f  H  1  t o  a  b r i e f  j u m p  o f  a  b l a c k  b a r  o f  w i d t h  3 . 3 2 °  w i t h  
p r i o r - m o t i o n .  ( a )  C e l l  1 0 0  r e s p o n d e d  t o  t h e  b a r  j u m p  d i s t a n c e s  f r o m  0 . 8 3 °  t o  3 . 3 2 °  
w i t h  t h e  b a c k g r o u n d  s p e e d  8  °  / s  ( a ) .  ( b )  C e l l  l  0 2  r e s p o n d e d  a t  t h e  b a c k g r o u n d  s p e e d  
1 6  °  / s  w i t h  j u m p  d i s t a n c e s  f r o m  0 . 2 °  t o  2 . 6 9 °  ( b  ) .  T h e  f o l l o w i n g  p o i n t s  c a n  b e  s e e n  
i n  t h e  r e s p o n s e s  i n  ( a )  a n d  ( b ) ,  i t  i s  f o u n d  t h a t .  F i r s t ,  t h e  n e u r o n  c a n  p i c k  u p  a  v e r y  
s m a l l  a n d  s h o r t  d i f f e r e n c e  i n  v e l o c i t y  c h a n g e s ,  d e m o n s t r a t e d  b y  t h e  c o n s i d e r a b l e  
r e s p o n s e  t o  t h e  b a r  j u m p  o f  o n l y  0 . 2 °  ( i n  6 . 5  m s )  w h e n  t h e  b a c k g r o u n d  s p e e d  w a s  1 6  
0  
/ s .  T h i s  v a l u e  i s  v e r y  c l o s e  t o  t h e  t h r e s h o l d  o f  0 . 1 5 °  i n  t h e  c a s e  o f  a  j u m p  ( 6 . 5  m s )  
w i t h o u t  p r i o r - m o t i o n ,  a n d  i s  a  c l e a r  i n d i c a t i o n  t h a t  t h e  n e u r o n  i s  a s  s e n s i t i v i t e  t o  a  
s m a l l  a n d  s h o r t  m o v e m e n t  i n  t h e  f l y i n g  s t a t e  a s  i n  t h e  s t a t i o n a r y  s t a t e .  S e c o n d ,  t h e  
n e u r o n  e x h i b i t s  a  s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  r e s p o n s e s  t o  t h e  b a r  j u m p  w i t h  a n d  
w i t h o u t  p r i o r - m o t i o n .  T h e  n e u r o n  r e t a i n e d  a  h i g h e r  f i r i n g  f r e q u e n c y  i n  r e s p o n s e  t o  a  
l a r g e r  a n g u l a r  d i s t a n c e  j u m p  w i t h  p r i o r - m o t i o n ;  i n  c o n t r a s t ,  w i t h o u t  p r i o r - m o t i o n ,  
t h e  r e s p o n s e  w a s  a l w a y s  r e d u c e d  w h e n  t h e  b a r  j u m p  a n g l e  w a s  l a r g e r  t h a n  1 . 5 °  ( F i g .  
4 - 8 ) .  
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F i g u r e  4 - 1 6 .  T h e  r e s p o n s e s  o f  V 2  t o  a  b r i e f  j u m p  o f  a  b l a c k  b a r  o f  w i d t h  3 . 3 °  w i t h  
t h e  p r i o r - m o t i o n .  T w o  V 2  n e u r o n s  ( c e l l  1 0 1  &  c e l l  1 0 3 )  w e r e  r e c o r d e d  w i t h  t h e  b a r  
j u m p i n g  v a r i o u s  d i s t a n c e s  b e t w e e n  0 . 2 °  a n d  3 . 1 1  ° ,  a l s o  t h e  b a c k g r o u n d  s p e e d s  w e r e  
s e t  a t  8  °  / s  ( a )  a n d  1 6  °  / s  ( b  ) .  A s  t h e  b a r  j u m p  d i s t a n c e  i n c r e a s e d ,  t h e  c e l l s  i n c r e a s e d  
t h e i r  f i r i n g  f r e q u e n c y  l i k e  t h e  H I  n e u r o n  ( F i g .  4 - 1 5 ) ,  i r r e s p e c t i v e  o f  b a c k g r o u n d  
s p e e d .  A l s o ,  t h e  c e l l s  p r o d u c e d  a  c l e a r  t r a n s i e n t  r e s p o n s e  t o  t h e  b a r  j u m p  0 . 2 ° ,  
i n d i c a t i n g  t h a t  t h e  H I  a n d  V 2  n e u r o n s  h a v e  a  s i m i l a r  s e n s i t i v i t y  t o  t h i s  s t i m u l u s .  
H o w e v e r ,  a  s i g n i f i c a n t  d i f f e r e n c e  a p p e a r s  w h e n  c o m p a r e d  t o  t h e  H I  r e s p o n s e ,  i n  t h a t  
V 2  h a s  a  s t r o n g  n e g a t i v e  p h a s e  w h e n  t h e  j u m p  d i s t a n c e  i s  l a r g e r  t h a n  0 . 6 2 °  f o r  8  °  / s  
o f  p r i o r - m o t i o n ,  o r  l a r g e r  t h a n  0 . 4 1  °  a t  t h e  b a c k g r o u n d  s p e e d  o f  1 6  °  / s .  T h e  n e g a t i v e  
p h a s e  p r e s u m a b l y  i s  d u e  t o  l a t e r a l  i n h i b i t o r y  e f f e c t s  b e t w e e n  t h e  E M D s ,  s o  t h a t  V 2  
h a s  m o r e  s t r o n g e r  l a t e r a l  i n h i b i t o r y  e f f e c t s  t h a n  H  1 .  
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(a) Response of V2 to a bar brief jump (6.5 ms) 
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(b) Response of V2 to a bar brief jump (6.5 ms) 
BS= 16 deg/s 
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F i g u r e  4 - 1 7 .  T h e  H l  a n d  V 2  n e u r o n s  p o s s e s s  a  s i g m o i d a l - s h a p e d  r e s p o n s e -
d i s p l a c e m e n t  c u r v e  w h e n  i n f l u e n c e d  b y  p r i o r - m o t i o n .  C o m p a r i n g  t h e s e  w i t h  t h e  
r e s p o n s e - d i s p l a c e m e n t  c u r v e s  i n  F i g .  4 - 9 a ,  w h e r e  t h e  s t i m u l u s  w a s  a l s o  a  b l a c k  b a r  
o f  w i d t h  3 . 3 °  b u t  w i t h o u t  p r i o r - m o t i o n ,  w e  n o w  f i n d  s i g m o i d a l - s h a p e d  o r  m o n o t o n i c  
r e s p o n s e - d i s p l a c e m e n t  c u r v e s .  A s  t h e  b a r  j u m p  d i s t a n c e  i n c r e a s e d ,  t h e  r e s p o n s e s  f i r s t  
i n c r e a s e d  a n d  t h e n  s a t u r a t e d .  I n  c o n t r a s t ,  w i t h o u t  p r i o r - m o t i o n ,  t h e  r e s p o n s e s  o f  H l  
a n d  V 2  w o u l d  d r o p  d o w n  w h e n  t h e  b a r  j u m p  a n g l e  w a s  l a r g e r  t h a n  a b o u t  1 . 5 °  ( F i g .  
4 - 9 a ) .  T h i s  d i f f e r e n c e  m u s t  r e f l e c t  s o m e  u n k n o w n  c h a r a c t e r i s t i c s  o f  m o t i o n  d e t e c t i o n .  
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4-3-12. The response to interruption of movement. 
Finally, we turn to the investigation of the response to interruption of movement, 
instead of velocity increment as in previous experiments. The stimulus procedure 
is as follows. The dark bar is first moved at a constant speed between 8 ° /s and 
32 ° / s for 800 ms as the prior movement. Then the motion is temporarily 
interrupted for a short period to simulate deceleration of movement; then the 
bar is restored to motion with the same speed as the prior-motion. For 
convenience, we now refer to the prior- and post-motion of the bar as the 
background motion. Experiments were done on both Hl and V2 neurons. Cell 
107 (Hl neuron) was stimulated by transiently interrupting the background 
motion of 8 ° /s for a period between 6.5 ms and 52 ms. For cell 104 (V2 neuron), 
the background motion was either interrupted from 32 ° /s to O or increased from 
32 ° /s to 64 ° /s, in order to generate stimuli with the same modulation strength 
but with opposite polarity . 
The responses of cell 104 & 107 to an interruption of movement are shown in 
figure 4-18. As expected, after the motion is interrupted, the cells reduce their 
firing frequency towards the spontaneous level, with a fall-off time depending on 
the velocity of background motion. This takes 32.5 ms of the interruption when 
the background motion is 8 °/s, and 52 ms of interruption for a background 
motion of 32 ° /s. When the motion is restored, the cells immediately start to 
increase the firing frequency up to the level corresponding to the background, 
with an acceleration which is dependent on the speed of background motion, 
because it takes a short time for a rapid background motion. However, a couple 
of interesting features are found. 
By looking at the responses to interruption and speed increment, it is found, for 
Hl or V2 neurons, that both kinds of responses have the same latency of 13 ms 
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F i g u r e  4 - 1 8 .  T h e  r e s p o n s e s  o f  H  1  a n d  V 2  t o  a n  i n t e r r u p t i o n  o f  m o v e m e n t .  T h e  
s t i m u l u s  p a t t e r n  w a s  a  b l a c k  b a r  o f  w i d t h  3 . 3 ° ,  w h i c h  m o v e d  a t  c o n s t a n t  s p e e d  
t h r o u g h  t h e  s c r e e n ,  b u t  w a s  t e m p o r a r i l y  i n t e r r u p t e d  a t  t h e  c e n t r e  o f  t h e  s c r e e n  f o r  
s e l e c t e d  p e r i o d s  b e t w e e n  6 . 5  m s  a n d  5 2  m s .  T h e  e x p e r i m e n t s  w e r e  d o n e  o n  b o t h  H l  
(  c e l l  1 0 7 )  a n d  V 2  (  c e l l  1 0 4  ) .  T h e  d a s h d o t  l i n e s  i n d i c a t e  t h e  d u r a t i o n  o f  t h e  
i n t e r r u p t i o n ,  a n d  t h e  s o l i d  l i n e s  p r e s e n t  t h e  r e s p o n s e s .  W h e n  t h e  m o t i o n  w a s  
i n t e r r u p t e d ,  a s  e x p e c t e d ,  t h e  b o t h  c e l l s  i m m e d i a t e l y  r e d u c e d  t h e i r  s p i k e  f i r i n g  
f r e q u e n c y  g r a d u a l l y  t o w a r d s  t h e  s p o n t a n e o u s  f i r i n g  l e v e l  f o r  u p  t o  5 2  m s ,  w h i c h  
r e p r e s e n t s  s o m e  k i n d  o f  d e c a y  t i m e .  B o t h  H l  a n d  V 2  c a n  f a i t h f u l l y  i n t e r p r e t  t h e  
d u r a t i o n  o f  i n t e r r u p t i o n ,  i n  t h a t  t h e  w i d t h  o f  t h e  r e s p o n s e  i n t e r r u p t i o n  i s  a l m o s t  a s  
s a m e  a s  t h e  d u r a t i o n  o f  t h e  i n t e r r u p t i o n  o v e r  t h e  w h o l e  r a n g e .  T h i s  i s  i n  c o n t r a s t  t o  
a n  i n c e m e n t  o f  s p e e d ,  i n  w h i c h  t h e  n e u r o n s  a l w a y s  g e n e r a t e d  t h e  r e s p o n s e s  w i t h  t h e  
s a m e  w i d t h  t o  a n y  m o v e m e n t  w h o s e  d u r a t i o n  f a l l s  i n  t h e  i n t e g r a t i o n  t i m e  ( F i g .  4 - 5 ) .  
F i n a l l y ,  t h e  c e l l s  a r e  v e r y  s e n s i t i v e  t o  i n t e r r u p t i o n  o f  t h e  m o v e m e n t ,  g i v i n g  a  
" r e s p o n s e "  t o  a n  i n t e r r u p t i o n  o f  o n l y  6 . 5  m s  i n  t h e  b a c k g r o u n d  s p e e d  8  °  / s .  I n  
c o n t r a s t ,  t h e  s a m e  n e u r o n s  h a r d l y  p r o d u c e  a  s i g n i f i c a n t  r e s p o n s e  t o  a  s p e e d  o f  8 °  / s  
f o r  6 . 5  m s .  A l s o ,  t h e  " r e s p o n s e "  l a t e n c y  w a s  o n l y  6 . 5  m s ,  w h i c h  i s  s h o r t e r  t h a n  t h e  
r e s p o n s e  l a t e n c y  t o  m o v e m e n t  ( F i g .  4 - 9 d ) .  
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to change in velocity, measured to the beginning of the change in firing 
frequency. This suggests that there is no difference in encoding the onset of the 
increment and the decrement, indicating that both kinds of motion information 
reach the LFMSNs via the same number of synapses. Actually, a response 
latency of 13 ms is the shortest latency obtained in any of our experiments, which 
indicates that the cells have minimum latency to velocity change of any kind. 
The cells are more sensitive to a decrease in velocity contrast than to an 
increase. In response to a motion stimulus of duration 6.5 ms, cell 107 gives a 
clear response to the interruption of motion which reduces the speed from 32 ° / s 
to O 0 /s, but to a speed increment from 32 °/s to 64 °/s (which is the same 
modulation) generates a negligible response that is difficult to distinguish from 
the background firing rate. Apparently the cell is more sensitive to a negative 
velocity modulation than to a similar positive modulation, and furthermore, the 
cell gives a more definitive response to the speed decrement compared to a 
speed increment. The same result is obtained from the V2 neuron; when a 
background movement of 8 ° /s is interrupted for 6.5 ms, cell 104 produces a 
clear response in reducing the firing frequency by approximately forty percent. In 
contrast, if the cells are stimulated by a bar motion which increases from 8 ° / s 
temporally to 16 ° /s for 6.5 ms then back again, the cells never would be able to 
produce a significant visible response, as observed in cell 104. These results are 
an indication of high sensitivity to change when responding to decrement of 
speed. 
The temporal resolution is also better when responding to the interruption of 
movement. The previous results, obtained from measuring responses to velocity 
increments, tell us that the Hl and V2 neurons are not able to discriminate the 
stimulus duration until it is longer than 19.5 ms, by give a response of similar 
duration to all stimuli with a duration less 19.5 ms, for either bar or grating. But 
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with decrements, the cells are able to tell the difference in the temporal length 
of the interruption, even the difference between 6.5 ms and 13 ms interruptions. 
For example, the response duration of cell 107, measured from the start of the 
response decrement to the beginning of the response restoration, is exactly equal 
to the duration of the interruption, exhibiting the capability of distinguishing the 
temporal length of the interruption accurately. In contrast, when responding to 
velocity increment, the same cells are poor in discriminating these temporal 
differences. 
The integration time of lateral inhibition of the cells keeps constant, however, 
when responding to the interruption. This is proved by a simple fact that the 
response to motion restoration is a transient peak when the interruption period 
was longer than 19.5 ms. This means that after an interruption of 19.5 ms or 
longer, the lateral inhibition from preceding units has lost its influence on the 
response of the later units, resulting in the appearance of a transient peak when 
motion is restored. This period of time is similar in the duration of the lateral 
inhibition, which is about 19.5 ms in the above experiments. So we can say the 
lateral inhibition keeps constant temporal relations when the cells are 
responding to the interruption of movement. Actually, these results agree with 
the idea that the integration time of lateral inhibition is determined by the 
connections of the EMD's, and not by the form of the stimulus. 
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4-4. Discussion and conclusion 
From the analysis of the response to brief bar jumps with/without prior-motions 
in the experiments of 4-3s, we are able to reach several conclusions about the 
spatial structure of the motion detectors. 
4-4-1. Non-linear spatial integration. 
The response of the large field motion detectors to movement of any stimulus 
must be due to non-linear spatial integration of many elementary unit responses. 
Tests of local spatiotemporal resolution of all kinds prove this beyond doubt. 
The response amplitude to a single bar is similar to that to an extended grating 
of eight bars (see 4-3-1 ), suggesting that there is a strong non-linear lateral 
interaction between the EMD's during spatial integration. Without lateral 
interaction, the response strength to the moving bar should be much less than 
that to the moving grating. Although we do not dismiss the affect of response 
-
saturation, this phenomenon looks like a strong lateral inhibition between the 
EMDs. The evidence of lateral inhibition also comes from other findings. Firstly, 
a negative response phase is observed when the speed of bar motion suddenly 
changed, as if the EMDs respond to the prior-motion of bar by a strong 
inhibition to the EMDs responding later, so causing a negative phase. Secondly, 
the transient response strength decreases as the bar displacement angle 
increases after the angle is greater than a certain limit, indicating that there is a 
lateral inhibition field or a lateral inhibition threshold in terms of stimulus 
strength. 
The existence of lateral interaction in the neural network is also supported by 
the findings in 4-3-6, in which the response decreases as the bar jump angle 
increases, after the jump distance is bigger than a certain angle. One of 
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explanations about this phenomenon is that probably there is a local lateral 
inhibition between the EMDs which is active in a relatively short time period at 
the level that the responses of the EMD's are combined, causing the response of 
Hl and V2 to eventually drop down when the bar jump angle is so large that the 
interneurons actually can be inhibited by the neighbouring units during this short 
integration period, or may be outside the field of the EMD. The idea is 
supported by comparing the two kinds of the response-displacement curves, 
Fig.4-9a and Fig.4-3. The response (Fig.4-3) to a moving grating never drops as 
much as those to a jumping single bar (Fig.4-9a). Instead, the response to a 
grating either saturates at a high level or falls only slightly, which reflects that, to 
a stimulus of grating, all EMDs are at the same state, so that the response of the 
LFMDs only saturates and never declines as the grating jump angle increases. In 
fact, the lateral inhibition has a limited range in both spatial and temporal 
domains. Its interaction in time might be as short as 6.5 ms, or within one 
synapse transformation time; and its influence may be limited only to the 
neighbouring EMD's. 
4-4-2. Probable structure of the EMDs. 
The transient part of the motion detector neuron response appears to be a 
reflection of the characteristics of the individual EMD units, as supported by our 
previous results and proposed by others (Egelhaaf et al 1989). The measure of 
response acceleration in the transient phase against the stimulus displacement 
might provide a practical way in which to evaluate the size of the unmodified 
receptive field for a single EMD. Supposing, if the LFMD consists of a large 
number of spatially symmetrical EMDs, the minimum distance moved by a jump 
to give a just saturated response could be considered as the distance between 
EMDs. Because beyond this point the contiguous EMDs will be consecutively 
stimulated, causing the response to remain at a constant saturated level. On this 
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assumption we predict that the distance between two adjacent EMDs is about 
1. 7° in both horizontal and vertical directions. Interestingly we found that the 
EMDs of both Hl and V2 had the same temporal and spatial characteristics, for 
example, about 0.6 degree linear integration distance, and 32 ms transient 
period, in response to a motion stimulus of 16 ° /s (see the experiment of 4-3-1 ). 
Of course, the size of an EMD's receptive field depends on how it is defined. 
The curve of the transient response versus stimulus displacement has a 
triangular or bell-shaped profile with 2.5° + 0.3° width at the 50% level (in the 
experiments of 4-3-6 and 4-3-7). This phenomenon must reflect the 
characteristics of the EMDs, which probably possess a triangular or bell-shaped 
receptive field with an effective width of 2.5° + 0.3° at 50% level, in agreement 
with many previous findings (Arnett 1971a & b; Buchner 1976). This spatial 
parameter may be related to the interommatidial angle, but of course is not 
necessarily equal to it, as was suggested by Zaagman et al. (1978); also, that we 
used a bar not a light point in the measurement. 
The wide-field motion sensitive neurons of the lobula plate, such Hl and V2, 
then collect the outputs of these EMDs to give a response to the next stage, and 
they have similar spatial parameters, suggesting that they collect responses from 
EMDs with similar physiological properties. 
4-4-3. The dependence of the neurons response on stimulus displacement. 
As shown in the response-duration curves in 4-3-2, the transient response of the 
cells is dependent on the stimulus displacement during the integration time, in a 
full agreement with previous findings (Srinivasan 1983). In other words the 
motion of the bar is integrated by the cells over an initial transient period, 
irrespective of how the stimulus speed and duration of motion is distributed in 
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the temporal domain. The motion of the stimulus is also linearly integrated by 
the cells over the first 0.43 degrees of displacement, but the Hl and V2 neurons 
appear to be unable to measure the velocity and displacement independently, 
since the integration time is dependent on the stimulus velocity (seen in 4-3-2). 
In the experiment with a bar jump ( 4-3-7), the strength of the transient response 
of Hl and V2 depends linearly upon the jump angle at both sides of a critical 
optimum angle of about 1.1° degrees. During the initial linear response range, 
the average slope of the plot of transient response against the bar jump angle is 
about 250 spikes per second per degree displacement. This slope, which I term 
the angular distance discrimination coefficient, is a convenient measure of the 
neuron's ability to measure the spatial displacement of a bar. Also, the 
experiment of 4-3-6 shows that the Hl and V2 neurons are similar in response to 
displacement, except that the horizontal component of the EMD's response is 
bigger than its vertical component. 
The Hl neuron normally has a higher background and response firing frequency 
than the V2 neuron perhaps because at each location within the receptive field, 
the response of the Hl cell to horizontal motion is produced by summation of 
two neighbouring elementary motion detectors, with preferred direction that are 
30° degree above and below the horizontal axis of the eye. The inputs of V cell 
on the other hand, consist of only one set of vertically oriented EMD's (Buchner 
E 1976, Hateren JH van 1990) so that the response of the H cells should be 
always larger that the response of the V cells. The difference provides a higher 
gain for visual stabilization in the horizontal than in the vertical phase. 
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4-4-4. The velocity measurement of the large field motion detectors. 
From analysing some fundamental parameters of the response, such as the peak 
firing frequency, the plateau level, the initial slope of the response, the latency 
and the time to peak, versus the speed of a moving bar (in experiments of 4-3-4 ), 
it is suggested that the Hl and V2 neurons can measure velocity in terms of 
these parameters by their response in both transient and steady state, but they 
act only in a relatively narrow range of motion. They are capable of encoding the 
velocity nearly linearly over a range of O to 58.8 deg/sin the transient response, 
and up to 42 deg/s in the steady state. There are no differences between the Hl 
and V2 neurons in these quantitative measures. 
This maximum discriminable velocity (58 deg/s) is not particularly high in 
comparison with the velocities that occur naturally in flight. If we assume that 
the EMDs are composed of two neighbouring simple photoreceptors with 
integration time of lOms (the shortest period obtained in experiments) and 
receptive field about two degrees wide, the EMDs should be able to register 
motion speeds up to approximately 200 deg/ s. The assumption could be 
supported by a roughly calculation about the EMDs velocity discrimination in 
another way; if the neuron can discriminate a brief bar jump up to 1.1 ° in 6.5 ms 
(see 4-3-7), it should be able to distinguish the bar velocity over a range up to 
170 deg/s. This transient property, of course, represents the EMDs. However, 
the measurement of velocity is obviously distorted because there is the same 
strength of response to two different speeds on either side of the critical speed of 
170 deg/s. 
This phenomenon therefore suggests that Hl and V2 may abstract features of 
motion other than just the speed, a point which will be discussed in a following 
chapter. Also, the question still remains whether these particular properties that 
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are measurable from the phasic response are those to which higher-order 
neurons might be sensitive in subsequent processing of the signal. 
4-4-5. Temporal resolution versus integration time. 
It is obvious that the temporal resolution of the motion detection neurons is 
related to the integration time. In the other words, the integrating time has a 
direct effect on the temporal resolution of the cells with respect to motion 
detection. 
The experiment of 4-3-3 demonstrates that at the onset of motion the stimulus 
motion is integrated in the time domain, and that the period of the integration 
time is strongly dependent on the velocity of the stimulus, so that fast motion 
only needs a short duration and slow motion needs a long duration. So, the 
temporal resolution of the bar motion improves with increasing bar speed. In our 
experiments the shortest integration time found so far is about 13 ms for the Hl 
and V2 neurons, thus the cells may be capable to measure a motion of about 13 
ms, which is not much poorer than the temporal resolution of the photoreceptor 
cells with regard to registering fluctuations of intensity. Thus, the LFMDs have 
input time constants matched to utilize the information that the photoreceptors 
can measure in the temporal domain. This sensitivity is also dramatically 
enhanced in a faster moving environment. Interestingly, the temporal resolution 
in responding to interruption of movement is better than to increase, as 
demonstrated in the experiment of 4-3-12 that the neuron can measure 6.5 ms 
interruption period. 
Also, the fact that cell 79 (V2 neuron) had a shorter decay time and a more 
prominent second peak compared to cell 69 (Hl neuron), indicates that the 
vertical motion detecting system possesses a better temporal resolution than the 
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horizontal one. This is consistent with the idea that vertical flying must be more 
accurate than flying in the horizontal direction, because a very slight error in the 
vertical direction is more significant in cases such as landing and escaping 
compared to the horizontal direction. 
The finding that the firing frequency of the neurons included a negative phase 
when the jump size exceeded a critical value (see 4-3-5), suggests an additional 
interaction at greater angles or the presence of a feed-back loop in the motion 
detection system. A feed-back loop, if present, might be able to improve the 
temporal resolution of Hl and V2 since it could shorten the response decay time 
for small jumps. 
4-4-6. Different kinds of channel in motion detection. 
In the experiment of 4-3-11, a sigmoidal-shaped response-displacement curve is 
observed when the neuron responds to bar jumps with prior-motion. In contrast, 
the neuron gives a bell-shaped response curve to the stimulus without prior-
motion (see 4-3-3). The difference may be the "memory" when there is no prior 
motion. This feature must be related to the structure of motion detection, and 
raises the possibility that there are two kinds of elementary motion detection 
channels or mechanisms feeding motion signals into the large field motion 
detector. 
One kind, with bell-shaped response curves, is effective when the background is 
in a relatively stationary state, to detect a sudden movement from the 
background, with a big response to such movement, in order to tell the animal 
unmistakably that a target is beginning to move but they give the same strength 
response to two different speeds. Another kind of channel is active in the motion 
state, to continue the response to steady motion of a target. Therefore compared 
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to the first kind, the second are more sensitive, faster, and respond better to a 
change in velocity. This idea is in agreement with the recent findings by Osorio 
(1987) that the medulla of locust contains many parallel small-field motion 
detectors, called transient cells, with different time parameters. These cells may 
be components of different elementary motion detection channels, a question 
which will be discussed in more detail in the chapter of general discussion. 
The other possibility regarding the appearance of two kinds of response curves is 
that there is a lateral influence between EMD's which increase the angle over 
which they act according to the state of the neighbouring response. If adjacent 
EMDs are excited, this influence shifts the peak to longer and longer jumps. 
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CHAPTER FIVE 
THE SENSITIVITY OF THE Hl NEURON TO VELOCITY MODULATION 
Abstract 
The Hl neuron of the fly Lucilia cuprina is one of the wide-field motion-
perception interneurons of the lobula plate. The transient response, measured as 
the mean spike rate over many repetitions of the same stimulus sequence, is 
initially large at the onset of a movement, quickly failing to a plateau and then 
continuing to adapt slowly when the stimulus is a steady motion of a pattern. 
Modulation of the velocity of the moving pattern (velocity contrast) cause a 
modulation of the mean spike rate, which adapts more slowly than the 
adaptation to the mean velocity. The modulation of the spike rate and the 
average maximum spike rate are both measures of the velocity modulation 
irrespective of the contrast frequency, mean velocity, or velocity modulation 
frequency up to 12 Hz. The responses are in phase with the sine-wave modulated 
stimulus velocity; suggesting that Hl measures dV /Vm not dV / dt, where V is 
the velocity and Vm is the mean velocity. If the responses of the Hl neuron are 
indicators of their properties, the unit motion detectors are specialized for high 
resolution, high gain, short latency, transient detection of direction of velocity 
change. These features are those required in controlling errors in stability while 
flight is already in progress, and other aspects of insect vision presumably are 
carried in other neurons. 
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5-1. Introduction 
5-1-1. Motion detection by the Hl neuron. 
Notwithstanding the obvious phasic properties of the Hl neuron, most 
investigation have been concerned with the steady state response to continuous 
motion, or to various mimics of continuous motion with two modulated light 
sources or narrow bars with 90° phase difference. The Hl neuron detects small 
movements of localized contrasts towards the preferred direction anywhere in its 
large visual field. The optimum local displacement of a small target is about the 
same as the angle between visual axes, and the Hl neuron acts like a funnel 
which collects excitation from many unit directional motion detectors at the 
highest resolution available to the retina. The Hl neuron has been accepted as a 
representative of the numerous lobula plate neurons which reveal the properties 
of the elementary motion detectors of the fly (Hausen & Egelhaaf 1989, 
Franceschini et al 1989). The actual function of the Hl neuron in the processing 
circuitry is in doubt because it responds to horizontal motion towards the 
anterior, and its axon connects the two optic lobes. 
5-1-2. Adaptation of the Hl neuron. 
Adaptation takes two forms. First, the Hl neuron responds strongly to the onset 
of a forward horizontal movement across the eye, and the response quickly falls 
to a plateau then continues to fall more slowly while the motion is maintained at 
constant velocity. Over the short term, the fall in the response is approximately 
exponential, R=r(l + k*exp(-at)) where r is a low background spike rate, k is a 
response constant depending on stimulus strength, and a is a time constant. This 
form of adaptation suggests that the Hl neuron does not have a function related 
to steady state motion. The second form of adaptation is a shortening of the time 
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constant a when the frequency of passing contrasts is increased. This form of 
adaptation has the effect that the temporal resolution for the detection of 
changes in the motion of the stimulus is improved by the motion itself. This 
increase in temporal resolution is controlled locally by the stimulus and does not 
depend on the impulse ferquency of the Hl neuron. When we put together both 
types of adaptation, we see that local motion detectors adapt in response to local 
motion in much the same way that photoreceptors do to their own signal, light 
intensity (Maddess & Laughlin 1985). Light adaptation of photoreceptors and of 
the second-orger neurons, the lamina ganglion cells, is also accompanied by an 
improvement in temporal resolution (Laughlin 1981). As a consequence of 
adapting to background intensity, photoreceptors provide a measure of dl/Im 
where I is the light intensity and Im is the mean intensity - the well known 
Weber relationship. 
As a test of the effects of adaptation, Maddess and Laughlin demonstrated for 
the Hl neuron. 
(a) An increase in sensitivity to a small decrements and increments of the 
velocity of a moving random pattern with increase of the background adapting 
velocity. 
(b) Responses to a fixed increment or decrement of velocity contrast are 
reasonably independent of the adapting velocity. 
In (a) only one adapting velocity was used, and in (b) only one velocity contrast 
was tested at five adapting velocities over the range from 3 ° / to 100 ° /s. We 
have confirmed this work and extended it to a range of contrast, spatial 
frequency, background velocity, velocity modulation, frequency, and background 
contrast frequency. 
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5-1-3. Contrast frequency, velocity and spatial frequency. 
Over the past 30 years it has become accepted that the optomotor behaviour and 
the response of the associated neurons of the lobula plate of the fly to a moving 
regular striped pattern are a function of the contrast frequency irrespective of 
spatial frequency rather than the velocity of the stimulus irrespective of pattern 
(Eckert & Hamdorf 1981). This applies also to the worker bee (Kunze 1961) and 
to directionally sensitive neurons of the butterfly medula (Horridge & Marcelja, 
unpublished data: Ibboston et al 1990). These features are illustrated for the fly 
Hl neurons in figure la, b. When the average transient responses over a given 
period after onset of the stimulus are plotted against pattern velocity, a different 
bell-shaped curve is obtained for each spatial frequency (Fig 5-Ia), but when the 
responses are plotted against the contrast frequency generated by the same 
motion, the bell-shaped curves more or less coincide (Fig 5-Ib ). When the 
stimulus is a regular stripe pattern and the responses are summed, this result is 
to be expected from any system which gives a unit response to each edge passing 
the motion detectors. We are tempted to infer that a system with this 
dependence on pattern can form only a part of the visual processing mechanisms 
because flying insects behave as if they can measure the angular velocity of 
contrasts irrespective of their spatial or contrast frequency. 
Without explanation, other workers have found a different behaviour in some 
other insect directional motion-detectors. In wide-field motion detectors of the 
locust brain (Kien 1975, figure 3), motion detectors of the dragonfly ventral cord 
(Oldberg 1981, figure 8) and in the control of flight speed by Drosophila (David, 
C.T 1982) the curves coincide when the responses to different spatial frequencies 
are plotted against velocity rather than against contrast frequency (figure 5-Ic), 
showing that the response to velocity is independent of pattern. More recently, 
the template model (Sobey & Horridge 1990) provides a completely different 
F i g u r e  5 - I .  S t y l i s e d  r e s p o n s e  f r o m  p r e v i o u s  w o r k  t o  i l l u s t r a t e  t h e  s i g n i f i c a n c e  o f  
c o n t r a s t  f r e q u e n c y .  ( a )  R e s p o n s e  ( m e a s u r e d  a s  s p i k e  f r e q u e n c y  o v e r  a  s e t  t i m e  l o n g  
a f t e r  t h e  o n s e t  o f  t h e  s t i m u l u s )  o f  t h e  f l y  H I  n e u r o n ,  p l o t t e d  a g a i n s t  p a t t e r n  v e l o c i t y  
a t  t h r e e  d i f f e r e n t  s t r i p e  p e r i o d s ,  1 0 ° ,  3 6 °  a n d  3 6 0 ° .  ( b )  T h e  s a m e  r e s p o n s e  n o r m a l i s e d  
t o  1 0 0 %  a n d  p l o t t e d  a g a i n s t  t h e  c o n t r a s t  f r e q u e n c y .  ( c )  R e s p o n s e s  o f  a  d r a g o n f l y  
s e l f - m o v e m e n t  d e t e c t o r  n e u r o n  p l o t t e d  a g a i n s t  p a t t e r n  v e l o c i t y  f o r  s t r i p e s  8 ° ,  1 1  °  a n d  
2 2 °  p e r i o d .  ( a  a n d  b  a f t e r  E c k e r t  1 9 8 0 ;  c  a f t e r  O l d  b e r g  1 9 8 1  ) .  
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way of explaining all the responses of the neurons and of the whole insect visual 
behaviour. 
Studies on the adaptation rate of the Hl neuron itself have even found opposite 
results with respect to contrast frequency and velocity. The control of the time 
constant 1 of adaptation to a transient directional stimulus was considered to be 
a function of the background velocity, irrespective of the spatial frequency ( de 
Ruyter & van Steveninck et al. 1986, figure 6), but is a function of contrast 
frequency according to Maddess and Laughlin (1985) and Borst and Egelhaff 
(1987). The disagreement was probably due to differences in the time over which 
responses were counted, the stimuli used and especially in the ranges of the 
velocities tested. The intensity contrast should not be saturating and should be 
increased to compensate for loss of modulation at high spatial frequencies 
(Dvorak et al. 1980). Flicker without motion adapts Hl nearly as well as motion 
in either direction. If the stimulus starts from a stationary state, memory effects 
must be reduced by use of random patterns (Maddess 1986), and the angular 
velocities in the test stimulus must be within the physiological range. 
The velocity of the whole visual field, or of single objects moving steadily relative 
to the eye, cannot be measured from the responses of the Hl neuron for 
numerous reasons, some of them given above. Too many attributes of the 
stimulus besides background velocity influence the response, but the greatest 
impediment is adaptation, in that the response to any constant stimulus 
continuously declines with time. Adaptation to a parameter of the stimulus must 
be interpreted as disinterest in the absolute value of that parameter by that 
neuron. 
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5-2. Methods 
5-2-1. The animal and preparation. 
Cultured female sheep blowflies of a standard wild strain of Lucilia cuprina, 
were kindly supplied by CSIRO, Division of Entomology, Blowfly Genetics 
Group, Canberra, ACT, Australia. They were kept in natural daylight in a cool 
place and fed on sugar solution. 
Flies were waxed to a support on a ball joint without the use of carbon dioxide. 
The head and eye were then aligned with the screen of a cathode ray tube ( type 
609 with P31 phosphor) as described by Maddess and Laughlin (1985). For 
optimum stimulation of the Hl neuron the flies were oriented so that a point 30° 
lateral to the fly's midline on the equator of the eye pointed to the centre of the 
screen, which subtended 54° at the eye. The Hl neuron was recorded from the 
contralateral side, leaving untouched the side ipsilateral to the stimulus. As in 
previous work, recordings were discontinued if the Hl neuron showed irregular 
or regular bursting responses. The recording room was in darkness, with 
temperature controlled at 22° + 2°. All flies were light-adapted to their position 
in front of the screen, and illuminated at an average brightness of 7 cd/m*m for 
at least 20 min before recording. Apart from the first few seconds while they 
rapidly became adapted to a steady rate, the responses to velocity-modulated 
moving patterns were all averaged over large numbers (usually 100 repetitions) 
of the modulation. 
5-2-2. Stimulus and recording. 
The patterns were generated by a computer (PDP 11/03) with a frame rate of 
160 Hz and a frame of 1024 lines. The equipment was similar to that used by 
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Maddess (1986). Spikes were recorded by standard methods, collected by 
computer, and displayed as phase-locked histograms or average numbers of 
spikes in bins 6.5 ms wide, under the control of hybrid 
Assembler /Fortran/DAOS ( data acquisition operating system) software. 
The stimulus was a sine-wave striped pattern controlled in average intensity, 
contrast, spatial frequency, average velocity, velocity modulation ( =velocity 
contrast) and in velocity modulation frequency. Most stimulus were maintained 
in a steady state for periods of more than an hour, and the corresponding 
records are of the steady-state responses, with recording initiated many minutes 
after the onset of the stimulus. The recording of the averaged spike frequencies 
were phased-locked to the modulation of the stimulus and printed as in figure 2. 
5-2-3. Definitions 
Bearing. The angle on the eye. This is the direction of a stimulus with reference 
to the eye. The long axis of the insect is the reference zero. 
Contrast frequency. The temporal frequency (Hz) of the flicker induced in an 
omrnatidium by the movement of a contrasting striped pattern over it; see equ. 1. 
Contrast frequency contrast. The change in contrast frequency relative to the 
average contrast frequency; see equ. 2. In the present paper this contrast occurs 
in time, not space. 
Intensity. The absolute intensity of the stimulus, measured in photons per second 
per facet, or per second per cm* cm at the eye. 
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Intensity contrast. The relative difference in intensity of the dark and light bands 
in the stimulus pattern. 
Modulation of Intensity. The relative change in intensity at the receptors caused 
by the movement of a striped pattern acrosse the eye. This is not the same as the 
intensity contrast in the stimulus ( dl/Im) because it depends on the spatial 
frequency and on the optical modulation transfer function of the lens of the eye. 
When the spatial frequency is adjusted to keep the contrast frequency constant 
at a new velocity, the stimulus contrast must also be adjusted to bring the 
modulation of intensity back to the former constant level (Dvorak et al. 1980). 
Pattern period. The angle subtended at the eye by one period of a striped 
pattern. 
Spatial frequency. The reciprocal of the pattern period, measured 1n 
cycles/ degree. 
Velocity. The angular velocity of a stimulus across the eye, measured in degrees 
per second. 
Velocity contrast. The change in angular velocity of the stimulus relative to the 
average velocity; see equ. 2. In the present paper the change occurs in time. 
Velocity modulation frequency. The temporal frequency of the velocity 
modulation. 
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5-3. RESULTS 
The responses of about 24 Hl neurons were recorded extracellularly in the 
lobula plate of the fly. The stimulus was a moving sine-wave grating of which the 
velocity was sinusoidally modulated. The spatial frequency ranged from 0.0376 
cycles/degree to 0.376 cycles/degree, the mean angular velocity from 2 °/s to 64 
0 /s, the modulation contrast from 0.1 to 1.0 and the modulation frequency from 
0.25 Hz to 32 Hz (see definition of these variables in this chapter). To the onset 
of a sine-wave grating moving at a constant velocity, the post-stimulus spike 
histogram response ( averaged over many repetitions of the stimulus sequence) is 
an initial peak that decays exponentially to a plateau, as described in the 
previous chapter. When the motion stimulus is maintained, the averaged 
response is a slowly decreasing spike frequency that initially depends on the 
contrast frequency and the illuminance contrast of the pattern, but progressively 
drops to a background level that depends only on the time that has elapsed since 
the onset of the stimulus. So in the long term, the Hl neuron cannot give a 
measure of steady-state contrast frequency. We might now ask what it does 
measure. 
5-3-1. Response modulation. 
When a sine or cosine wave oscillation is added to the maintained drift of the 
stimulus in one direction (i.e. when the angular velocity is modulated), the 
response of the neuron is also sine-wave or cosine-wave modulated in phase with 
the modulation of the stimulus velocity. As an example, the responses of cell 24 
to sinusoidally modulated velocity and the response of cell 6 to cosine-wave 
modulated velocity, both with mean velocity of 8 ° /s, velocity modulation 
contrast of 0.6 and modulation frequency of 1 Hz, are shown in figure 5-la & 5-
lb, respectively. The firing frequency of cell 24 follows a beautiful sine wave 
F i g u r e  5 - 1 .  T h e  r e s p o n s e s  o f  H l  t o  a  s i n u s o i d a l l y  m o d u l a t e d  v e l o c i t y .  T h e  s t i m u l u s  
p a t t e r n  w a s  a  m o v i n g  s i n e - w a v e  g r a t i n g  o f  w a v e l e n g t h  6 . 6 °  a n d  i n t e n s i t y  c o n t r a s t  0 . 3 ,  
i t s  v e l o c i t y  w a s  m o d u l a t e d  e i t h e r  ( a )  s i n u s o i d a l l y  o r  ( b )  c o s i n u s o i d a l l y  a t  v e l o c i t y  
c o n t r a s t  0 . 6  a n d  f r e q u e n c y  1  H z  w i t h  m e a n  v e l o c i t y  8  °  / s .  A n  e x a m p l e  o f  t h e  s i n e -
w a v e  m o d u l a t e d  r e s p o n s e  i s  s h o w n  i n  ( a ) ,  w h i c h  w a s  r e c o r d e d  f r o m  c e l l  2 4  1 n  
r e s p o n s e  t o  a  s i n u s o i d a l l y  m o d u l a t e d  v e l o c i t y ;  t h e  r e s p o n s e  o f  c e l l  6  t o  a  
c o s i n u s o i d a l l y  m o d u l a t e d  v e l o c i t y  i s  s h o w n  i n  ( b  ) .  T h e s e  f i g u r e s  s h o w  t h a t  t h e  f i r i n g  
f r e q u e n c y  o f  t h e  n e u r o n s ,  a t  t h e  s t e a d y  s t a t e ,  a r e  a l s o  s i n e - w a v e  ( a )  o r  c o s i n e - w a v e  
( b )  i n  p h a s e  w i t h  t h e  m o d u l a t i o n  o f  t h e  s t i m u l u s  v e l o c i t y ,  i n d i c a t i n g  t h a t  t h e  
r e s p o n s e s  f o l l o w  t h e  v e l o c i t y  c h a n g e  a n d  n o t  t h e  v e l o c i t y  a c c e l e r a t i o n .  B o t h  c e l l s  h a d  
v e r y  s i m i l a r  r e s p o n s e  p a r a m e t e r s ,  i . e ,  w i t h  m e a n  r e s p o n s e  o f  a b o u t  8 0  s p i k e s / s  a n d  
r e s p o n s e  c o n t r a s t  o f  0 . 5 .  H e r e ,  t h e  r e s p o n s e  c o n t r a s t  i s  d e f i n e d  a s  ( m e a n  m a x i m u m  
r e s p o n s e  m i n u s  m e a n  m i n i m u m  r e s p o n s e )  d i v i d e d  b y  ( m e a n  m a x i m u m  r e s p o n s e  p l u s  
m e a n  m i n i m u m  r e s p o n s e ) .  
(a) The response of Hl to a sinusoidally modulated velocity 
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modulation and cell 6 displays a cosine wave, showing clearly that the responses 
are in phase with the changes in velocity and not with the acceleration. 
Interestingly, both cells respond with a similar amplitude with a mean response 
of about 80 spikes/s and response contrast of about 0.5, which obviously 
demonstrates that the Hl is indifferent to the phase of the modulation. Here, the 
response modulation contrast is defined as ( mean maximum response minus 
mean minimum response) divided by ( mean maximum response plus mean 
minimum response). 
The responses to changes in a number of parameters of the stimulus can now be 
tested, namely the average intensity, intensity contrast, spatial frequency, mean 
velocity, velocity contrast, and the velocity modulation frequency. We will 
concentrate upon the last two variables. 
The responses are measured from the phase - locked histograms in two ways 
because we do not know the features of the Hl response that are significant for 
the next neurons downline. The first measure of the response is the average 
modulation in the Hl spike frequency, which is the maximum mean spike 
frequency minus the minimum mean spike frequency. This measure ignores the 
background spike frequency upon which the modulation is superimposed but it is 
aimed at measuring the modulation in the response to the velocity modulation. 
Alternatively the response is measured simply as the peak of the average spike 
frequency, a value which may have more significance to the next neurons 
downline but which depends on the mean background firing rate, which in turn 
depends on the time since the onset of the moving stimulus. 
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5-3-2. Responses as a function of velocity modulation. 
The effects of velocity contrast on response modulation were studied by 
measuring the relationship between the response contrast as well as the mean 
response and the velocity contrast, and by comparing the responses to sine- and 
cosine-wave modulations. Examples of the response modulation to various levels 
of velocity modulation over the range of O to 1.0 are plotted as raw traces in 
figure 5-2a, which shows the recorded from cell 12 with a mean velocity of 10 ° /s 
and a velocity modulation frequency of 1 Hz. The responses of cell 5 to 
cosinusoidally modulated velocity with a modulation frequency of 1 Hz and a 
mean velocity of 6 ° /s are shown in figure 5-2b. In both cases, the cells exhibit a 
wonderful performance of faithfully following the velocity modulation for almost 
the whole range of velocity contrast from 0.2 to 1, and even at a very low contrast 
of 0.1 the oscillation in the firing frequency which records the velocity 
modulation has already appeared. This observation shows that the response of 
the Hl neuron, in terms of its modulation contrast, can be considered as a copy 
of the velocity modulation of stimulus, and that the neuron is capable of 
accurately following the velocity changes in a continued movement. The 
responses are delayed about 50 ms after the onset of stimulus, and this time is 
much longer than the delay time observed from the transient response, in which 
it is usually around 20 ms. The response to an extra movement in the steady state 
is not so fast as to the initial transient, implying a variability of the temporal 
constants in the fly's motion-detection system. 
Direct evidence for the neuron measuring the velocity contrast comes from 
plotting the response contrast versus the velocity contrast for different levels of 
velocity. As velocity contrast increases from 0.1 to 1.0 the response contrast 
correspondingly increases linearly to 1.0, irrespective of the mean velocity and 
the velocity modulation (figure 5-3). For the mean velocities ranging from 4 ° /s 
F i g u r e  5 - 2 .  R e c o r d s  o f  t h e  r e s p o n s e s  t o  s i n u s o i d a l l y  o r  c o s i n s o i d a l l y  m o d u l a t e d  
a n g u l a r  v e l o c i t y  a t  d i f f e r e n t  v e l o c i t y  c o n t r a s t s .  ( a )  T h e  r e s p o n s e s  o f  c e l l  1 2  t o  
v e l o c i t y  c o n t r a s t  r a n g i n g  f r o m  O  t o  0 . 9 5  a t  m e a n  v e l o c i t y  1 0  °  / s .  ( b )  T h e  r e s p o n s e s  o f  
c e l l  5  t o  a  c o s i n u s o i d a l l y  m o d u l a t e d  v e l o c i t y  w i t h  t h e  v e l o c i t y  c o n t r a s t  f r o m  O  t o  1 . 0  
a t  m e a n  v e l o c i t y  6  °  / s .  T h e  v e r t i c a l  a x i s  i s  t h e  a v e r a g e  s p i k e  f i r i n g  f r e q u e n c y  o v e r  5 0  
r e p e t i t i o n s ;  t h e  h o r i z o n t a l  a x i s  i s  p h a s e - l o c k e d  t o  t h e  v e l o c i t y  m o d u l a t i o n  f r e q u e n c y  
o f  1  H z ,  m a k i n g  e a c h  r e c o r d  1  s e c o n d  l o n g ;  t h e  p e r i o d  o f  t h e  s t i m u l u s  g r a t i n g  w a s  
s t i l l  6 . 6 ° .  A s  t h e  v e l o c i t y  m o d u l a t i o n  c o n t r a s t  i n c r e a s e d ,  t h e  c e l l s  f a l l o w e d  t h e  
v e l o c i t y  m o d u l a t i o n  v e r y  w e l l ,  a t  l e a s t ,  f o r  t h e  r a n g e  o f  v e l o c i t y  c o n t r a s t  f r o m  0 . 2  t o  
0 . 9 5 .  E v e n  t o  t h e  s t i m u l u s  w i t h  a  v e r y  l o w  c o n t r a s t  o f  0 . 1 ,  t h e  n e u r o n  w a s  s t i l l  a b l e  
t o  g e n e r a t e  a  r e s p o n s e  w i t h  n o t i c e a b l e  m o d u l a t i o n .  A t  t h e  v e l o c i t y  c o n t r a s t  o f  1 ,  
h o w e v e r ,  w h i c h  m e a n s  t h a t  t h e  s p e e d  w a s  O  
O  
/ s  a t  p h a s e  1 8 0 °  f o r  t h e  c o s i n u s o i d a l  
m o d u l a t i o n ,  t h e  r e s p o n s e  m o d u l a t i o n  w a s  d i s t o r t e d .  
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F i g u r e  5 - 3 .  T h e  r e s p o n s e  c o n t r a s t  i s  l i n e a r l y  d e p e n d e n t  o n  t h e  s t i m u l u s  v e l o c i t y  
c o n t r a s t ,  i r r e s p e c t i v e  o f  m e a n  v e l o c i t y .  T h e  e x p e r i m e n t s  w e r e  d o n e  o n  c e l l  1 2 ,  w h i c h  
w a s  s t i m u l a t e d  b y  a  s i n u s o i d a l l y  m o d u l a t e d  m e a n  v e l o c i t y  r a n g i n g  f r o m  4  °  / s  t o  3 0  
0  
/ s  a s  i n d i c a t e d ,  w i t h  m o d u l a t i o n  f r e q u e n c y  I  H z ;  a n d  o n  c e l l  5  w i t h  a  c o s i n u s o i d a l l y  
m o d u l a t e d  m e a n  v e l o c i t y  o f  6  °  / s  a n d  m o d u l a t i o n  f r e q u e n c y  l  H z .  A s  v e l o c i t y  
c o n t r a s t  i n c r e a s e d  f r o m  0 . 1  t o  0 . 9 5 ,  t h e  r e s p o n s e  c o n t r a s t  i n c r e a s e d  l i n e a r l y  f o r  a l l  
s t i m u l i ,  i r r e s p e c t i v e  o f  o t h e r  f a c t o r s .  T h i s  r e s u l t  i s  a p p a r e n t l y  c o i n c i d e n t  w i t h  t h e  
f i n d i n g  t h a t  t h e  n e u r o n  c a n  r e s p o n d  t o  t h e  v e l o c i t y  u p  t o  5 0  °  / s  i n  t h e  s t e a d y  s t a t e  
( C h a p t e r  4 ) .  T h e  a v e r a g e  r a t i o  o f  r e s p o n s e  c o n t r a s t  t o  v e l o c i t y  c o n t r a s t  w a s  0 . 9  ±  
0 . 1 0 ,  w h i c h  i s  m u c h  h i g h e r  t h a n  t h a t  t h e  v a l u e  o f  0 . 6  ±  0 . 1 0  o b t a i n e d  f r o m  t h e  
t r a n s i e n t  r e s p o n s e  ( C h a p t e r  4  ) ,  s u g g e s t i n g  t h a t  t h e  n e u r o n  i s  v e r y  w e l l  a d a p t e d  t o  
r e s p o n s e  t o  v e l o c i t y  c o n t r a s t  i n  t h e  s t e a d y  s t a t e .  
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to 30 ° /s, on cell 12 with sinusoidal velocity modulation, as well as cosine-wave 
modulated velocity at a mean velocity of 6 ° /s, the response contrast depends on 
the velocity contrast irrespective of the absolute values of the firing frequency. In 
fact, all the curves almost coincide (figure 5-3). The mean ratio of response 
contrast to velocity contrast (RCC) is about 0.9 + 0.10 which is much higher 
than the value of 0.60 + 0.09 observed from the transient response (Chapter 4). 
This fact might be an indication of two mechanisms in the fly's motion detection 
system - measuring the displacement at the transient state, as observed by 
Srinivasan (1983) and Chapter 3, and then switching to measure the velocity 
contrast in the steady state. A significant difference in the response contrast 
between velocity contrasts of 0.1 and 0.2, suggestes that the velocity contrast 
threshold is about 0.1 for the Hl neuron. 
5-3-3. Response modulation versus mean velocity. 
To investigate the relationship between the response contrast and the mean 
velocities in more detail, the recordings were done on two other cells - cell 8 
responding only to velocity modulation contrast of 0.4 and 0.0 with mean 
velocities ranging from 2 ° /s to 16 ° /s and cell 11 stimulated by the same pattern 
but with velocity contrast of 0.5 and mean velocities from 4 ° /s to 20 ° /s. The 
curves of response contrast versus mean velocity are plotted in figure 5-4. The 
mean response and the peak response of cell 8 versus the mean velocity are also 
plotted in Fig. 5-4 for comparison. The response contrast keeps almost constant 
while the mean response and peak response increasing nonlinearly, as mean 
velocity increases from 2 ° /s to 20 ° /s. The mean response contrast is 0.345 for 
movements of velocity contrast 0.4 and is 0.49 at a velocity contrast of 0.5. The 
mean ratio of response contrast to velocity contrast is 0.86 in response to a 
velocity contrast of 0.4, and rises to nearly 0.98 when the velocity contrast is 0.5. 
The mean response of cell 8 increases from 80 spikes/s at a mean velocity of 
F i g u r e  5 - 4 .  F u r t h e r  d e m o n s t r a t i o n  o f  t h e  r e s p o n s e  t o  v e l o c i t y  c o n t r a s t  i r r e s p e c t i v e  o f  
t h e  m e a n  v e l o c i t y .  T h e  r e s p o n s e s  o f  C e l l  8  a n d  c e l l  1 1  t o  t h e  s i n u s o i d a l l y  m o d u l a t e d  
m o v e m e n t s  a r e  p l o t t e d  a g a i n s t  t h e  m e a n  v e l o c i t i e s .  T h e  s t i m u l u s  w a s  a  s m e - w a v e  
g r a t i n g  o f  s p a t i a l  f r e q u e n c y  0 . 1 5  e y e / d e g  a n d  i n t e n s i t y  c o n t r a s t  0 . 3 ;  t h e  s p e e d  w a s  
s i n u s o i d a l l y  m o d u l a t e d  a t  a  f r e q u e n c y  o f  1  H z  a n d  c o n t r a s t  0 . 4  o r  0 . 5 ,  w i t h  t h e  m e a n  
v e l o c i t y  c o n t r o l l e d  f r o m  2  °  / s  t o  2 0  °  / s .  ( a )  T h e  r e s p o n s e  c o n t r a s t  r e m a i n e d  a l m o s t  
c o n s t a n t  f o r  a l l  t h i s  r a n g e ,  w i t h  a  v a l u e  o f  a b o u t  0 . 4 9  f o r  v e l o c i t y  c o n t r a s t  0 . 5 ,  a n d  
a b o u t  0 . 3 4 5  a t  a  v e l o c i t y  c o n t r a s t  o f  0 . 4 ,  d e m o n s t r a t i n g  c l e a r l y  t h a t  t h e  c e l l s  r e s p o n d  
t o  v e l o c i t y  c o n t r a s t ,  i r r e s p e c t i v e  o f  t h e  m e a n  v e l o c i t y .  ( b )  H o w e v e r ,  t h e  c e l l s  
r e s p o n d e d  d i f f e r e n t l y  t o  t h e  d i f f e r e n t  m e a n  v e l o c i t i e s  i n  t e r m s  o f  t h e  a b s o l u t e  s p i k e  
f i r i n g  f r e q u e n c y .  T h e  p e a k  r e s p o n s e  a n d  t h e  m e a n  r e s p o n s e  b o t h  i n c r e a s e d  
m o n o t o n i c a l l y  a s  t h e  m e a n  v e l o c i t y  i n c r e a s e d .  
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2° /s to 117 spikes/s at 16 ° /s, and the peak response increases from 104 spikes/s 
to 146 spikes/s. These observations confirm that the firing frequency of the cells 
indeed depends on the different values of mean velocity, but even with different 
levels of firing frequency the cell can still keep a constant response contrast to a 
constant velocity contrast at different mean speeds. From the above facts, we can 
conclude that the Hl neuron measures velocity contrast independently of mean 
velocity. This characteristic may be a good hint that the fly is capable of 
abstracting velocity changes from its movement relative to a target irrespective 
of its mean velocity and of the background movement. 
5-3-4. Effects of spatial frequency on response modulation. 
The fly's eye can be considered as a symmetrical ommatidium array, with neural 
mechanisms only interested in objects within the receptive fields of neurons. To 
determine the influence of the stimulus spatial structure on the response of the 
Hl neuron, the best kind of stimulus for simulating natural scenes is a 
sinusoidally modulated moving grating with different spatial frequencies. By use 
of velocity contrast we can minimize the adaptation of the cells and see the 
relationship between the responses and the spatial frequency as realistically as 
possible. Recordings were made on cell 13 with spatial frequency ranging from 
0.0188 to 0.376 cycles/degree (repeated 30 times each), at a constant velocity 
contrast of 0.4 and a constant modulation frequency of 1 Hz, but with two speeds 
of 6 ° /s and 12 ° /s. Response samples are shown as raw traces in figure 5-Sa 
(mean velocity is 6 ° /s) and in figure 5-Sb (mean velocity is 12 ° /s). 
For the spatial frequency range from 0.0188 cycles/degree to 0.37 cycles/degree, 
the cell appears to be able to follow the velocity modulation by exhibiting a clear 
sine-wave modulation even it fires at different levels (Fig.5-5). So, roughly 
speaking, the spatial frequency of the stimulus has a little influence on the 
F i g u r e  5 - 5 .  T h e  i n f l u e n c e  o f  s p a t i a l  f r e q u e n c y  o n  t h e  r e s p o n s e .  A  s i n e - w a v e  g r a t i n g  
w i t h  s p a t i a l  f r e q u e n c i e s  r a n g i n g  f r o m  0 . 0 3 7 6  e y e / d e g  t o  0 . 3 7 6 4  e y e / d e g  i n  7  s t e p s  
w a s  u s e d  a s  t h e  s t i m u l u s  p a t t e r n .  I t  m o v e d  a t  t w o  m e a n  a n g u l a r  v e l o c i t i e s  6  °  / s  a n d  
1 2  °  / s ,  w i t h  v e l o c i t y  c o n t r a s t  0 . 4  a n d  m o d u l a t i o n  f r e q u e n c y  1  H z .  R e c o r d s  a r e  f r o m  a  
H  1  n e u r o n  - c e l l  1 3 ,  ( a )  w i t h  m e a n  v e l o c i t y  6  °  / s  a n d  ( b )  w i t h  m e a n  v e l o c i t y  1 2  °  / s .  
A s  t h e  s p a t i a l  f r e q u e n c y  i n c r e a s e s  f r o m  0 . 0 3  7  e y e /  d e g  t o  0 . 3  7  e y e /  d e g ,  t h e  r e s p o n s e s  
o s c i l l a t e  i n  a  b e a u t i f u l  s i n e  w a v e .  O n c e  a g a i n  t h e  m e a n  v e l o c i t y  h a s  n o  i n f l u e n c e  o n  
t h e  r e s p o n s e  m o d u l a t i o n .  S p a t i a l  f r e q u e n c y  h a s  a n  e f f e c t  o n  t h e  r e s p o n s e  s t r e n g t h  a n d  
a l s o  i n c r e a s e d  t h e  n o i s e  i n  t h e  r e s p o n s e s  a t  l o w  a n d  a t  h i g h  s p a t i a l  f r e q u e n c i e s  ( f o r  
e x a m p l e  0 . 3 7  e y e / d e g  i n  ( b ) ) .  T h e  n e u r o n  g a v e  i t s  b e s t  r e s p o n s e  t o  m i d d l e  s p a t i a l  
f r e q u e n c i e s  ( f o r  e x a m p l e  0 . 1 1  e y e / d e g  a n d  0 . 1 5  e y e / d e g  i n  t h e  s e c o n d  r o w )  w i t h  h i g h  
r e s p o n s e  s t r e n g t h  a n d  c l e a r  m o d u l a t i o n .  
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response modulation, at least through this range. But, when we examine these 
I 
responses in more detail and have a quantitative measure of the mean response 
and response contrast at different spatial frequencies, (figure 5-6a and 5-6b 
l respectively), an influence of spatial frequencies can be clearly seen in two ways. 
I 
! 
Firstly, considerable firing noise has been introduced into the response at low 
i and high spatial frequencies, especially at 0.37 cycles/degree (see in Fig.5-5), 
I 
~ 
I causing a distortion of the response modulation. Secondly, the response contrast 
indeed varies slightly at different spatial frequencies; it reaches a lowest level at 
I I 0.112 cycles/ degree and then rises smoothly for increase as well as decrease of I 
I 
I 
I 
I spatial frequency (Fig.5-6a). The spatial frequency has a more obvious influence 
I 
I 
I on the mean response, as seen when the mean response progressively increases 
I 
in the range from 0.0188 cycles/ degree to 0.112 cycles/ degree and then falls to a 
I 
11 very low level of about 40 spikes/sat 0.376 cycles/degree. This appears to be in 
I the same relationship as the response sensitivity versus the spatial frequency for I 
I' 
,c ! 
I 
the transient response (Dvorak, Srinivasan & French 1980; Srinivasan and 
I 
I 
Dvorak 1980). Over this frequency range the mean velocity has no influence on 
I the response contrast but it does affect the mean response, as demonstrated by 
I r, 
comparing the two groups of curves at two speeds in figure 5-6, in which the two 
I I 
response contrast curves are close together but the two mean response curves 
I are separated. 
I 
From the above observations, some conclusions can be suggested: Firstly, the 
II 
fly's eyes in functional terms can be represented as a band-pass spatial filter with 
I 
I the centre position at about 0.113 cycles/degree and upper limit (75%) at 0.376 
, .. 
cycles/degree, since the Hl neurons have a bell-shaped response sensitivity 
when plotted against the spatial frequency. This spatial filtering might be a 
I 
product of the ommatidia possessing a certain range of receptive field or of 
11 lateral interactions between the EMDs, because both effects can effectively 
I 
11 
force a cell to have a peak sensitivity at certain spatial frequencies. We also 
Ii 
I 
I 
F i g u r e  5 - 6 .  R e s p o n s e  m o d u l a t i o n  c o n t r a s t  a s  a  f u n c t i o n  o f  s p a t i a l  f r e q u e n c y  ( c e l l  1 3 ) .  
T h e  s t i m u l u s  w a s  a  s i n e - w a v e  g r a t i n g  o f  w a v e l e n g t h  6 . 6 ° ,  w i t h  v e l o c i t y  c o n t r a s t  0 . 4 ,  
v e l o c i t y  m o d u l a t i o n  f r e q u e n c y  I  H z ,  a n d  m e a n  v e l o c i t i e s  6  °  / s  (  + )  a n d  1 2  °  / s  ( x ) .  ( a )  
T h e  r e s p o n s e  c o n t r a s t  i s  p l o t t e d  a g a i n s t  s p a t i a l  f r e q u e n c y  a n d  ( b )  t h e  m e a n  r e s p o n s e  
v e r s u s  s p a t i a l  f r e q u e n c y .  ( a )  W h e n  s p a t i a l  f r e q u e n c y  i n c r e a s e d  f r o m  0 . 0 3 7  e y e / d e g  t o  
0 . 3 7  e y e / d e g  i n  t e n  s t e p s ,  t h e  r e s p o n s e  c o n t r a s t  s l i g h t l y  d e c r e a s e d  f r o m  0 . 2 5  t o  0 . 2 2 5  
a t  0 . 1 1 2  e y e / d e g ,  a n d  t h e n  i n c r e a s e d  t o  a b o u t  0 . 3  a t  0 . 3 7  e y e / d e g .  T h i s  r e s u l t  
s u g g e s t s  a  m e c h a n i s m  w h i c h  c o n t r o l s  t h e  r e s p o n s e  c o n t r a s t  s t r e n g t h  i n  s u c h  a  w a y  
t h a t  i f  m e a n  r e s p o n s e  i s  r e d u c e d  t h e  r e s p o n s e  c o n t r a s t  w i l l  i n c r e a s e .  C o m p a r i n g  ( a )  
a n d  ( b ) ,  t h e  m e a n  r e s p o n s e  d e c r e a s e s  a s  t h e  r e s p o n s e  c o n t r a s t  i n c r e a s e s .  A s  s e e n  i n  
( b ) ,  t h e  l a r g e r - f i e l d  m o t i o n  d e t e c t i o n  n e u r o n s  a c t  a s  s p a t i a l  b a n d - p a s s  f i l t e r s  w i t h  
p e a k  n e a r  a  p a t t e r n  p e r i o d  o f  1 0 ° .  
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observe that this filter distorts the ability of the cells to measure velocity 
modulation, by introducing an irregular instantaneous firing into the response 
modulation at low and high spatial frequencies (figure 5-5). Obviously, this 
limitation must be overcome in later processing stages. Secondly, there might be 
a later gain control mechanism to adjust the response modulation strength 
according to the firing levels, as well to spatial frequencies, as demonstrated 
when the cell produces higher response contrasts at low and high spatial 
frequencies. It even increases by 30 % from 0.113 cycles/degree to 0.376 
cycles/ degree while the mean responses remain at low levels. Taking into 
account the previous result that to a bar jump with different speeds of prior-
motion the response contrast of cells in the transient state, (which is believed to 
present the properties of the EMDs ), always remains constant at 0.60 + 0.09, this 
gain control is located after the EMDs and is influenced by lateral interactions. 
With a constant response contrast at different mean response levels, this gain 
control mechanism could automatically adjust the response contrast passed on to 
the next stages according to mean response levels and lateral interactions, so 
that the response contrast is enhanced when the mean response is at low levels 
for a stimulus with low or high spatial frequency. 
5-3-5. Effects of contrast frequency. 
Next we concentrate on the influence of the contrast frequency on the response 
modulation, by comparing the response to four contrast frequencies of 0.60, 1.20, 
1.80 and 2.4 Hz each of which is composed of different velocities and spatial 
frequencies. Responses of four cells were recorded to stimuli at a constant 
velocity contrast of 0.5 and a velocity modulation frequency of 1 Hz, with spatial 
frequency ranging from 0.037 cycles/ degree to 0.301 cycles/ degree in four steps, 
correspondingly to a mean velocity range from 2 ° /s to 64 ° /s. The illumination 
contrast of the grating was adjusted, according to the previous measurements of 
I 
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I 
I 
I 
I, 
I 
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contrast sensitivity versus spatial frequency in the Hl neuron (Srinivansn and 
Dvorak 1980), to compensate for the loss of stimulus intensity at the receptor 
level. An example of the responses of cell 16, plotted in figure 5-7a, shows that 
the neuron can faithfully follow the velocity modulation for all these contrast 
frequencies but the response strengths are independent on the contrast 
frequency. 
When the response contrast is plotted against the contrast frequency, in the 
upper part of figures 5-7b, the contrast frequency has a significant influence on 
the response contrast. All four cells produce an almost constant response 
contrast to four spatial frequencies or four speeds irrespective of quadrupling 
the contrast frequency. There are also difference in the response contrast to the 
stimuli at a constant contrast frequency but with different combinations of 
spatial frequency and velocity. Normally, the response contrasts to a spatial 
frequency of 0.075 cycles/ degree are at the lowest levels and those to 0.301 
cycles/ degree are at the highest levels. From these phenomena it can be 
concluded that the contrast frequency only slightly affects the response 
modulation. In the other words, the Hl neuron does not measure contrast 
frequency, at least at its steady state, in the way that it measures velocity 
modulation. To stimuli of constant contrast frequency it can respond with 
different amplitudes, and to different contrast frequencies it may respond with 
the same modulation. 
When we look at the relationship between the mean response and the contrast 
frequency, plotted in the bottom of figures 5-7b, effects of contrast frequency are 
more apparent. With contrast frequency increasing, commonly, the mean 
responses also slowly increase, although the responses to one contrast frequency 
also vary at different mean levels according to the spatial frequencies. The mean 
responses reach the highest level when the spatial frequency is 0.075 
I 
I 
F i g u r e  5 - 7 a .  T h e  r e s p o n s e s  o f  c e l l  1 6  a t  d i f f e r e n t  c o n t r a s t  f r e q u e n c i e s .  T h e  s t i m u l u s  
w a s  a  s i n e - w a v e  g r a t i n g ,  w i t h  t h e  v e l o c i t y  s i n u s o i d a l l y - m o d u l a t e d  a t  a  c o n s t a n t  
v e l o c i t y  c o n t r a s t  0 . 5  a n d  m o d u l a t i o n  f r e q u e n c y  1  H z .  F o u r  c o n t r a s t  f r e q u e n c i e s  w e r e  
u s e d  - 0 . 6 ,  1 . 2 ,  1 . 8  a n d  2 . 4  c y c / s ,  e a c h  o f  w h i c h  w a s  p r o d u c e d  b y  f o u r  c o m b i n a t i o n s  
o f  m e a n  v e l o c i t y  a n d  s p a t i a l  f r e q u e n c y .  F o r  e x a m p l e ,  a  c o n t r a s t  f r e q u e n c y  o f  0 . 6  
c y c / s  w a s  r e a c h e d  b y  m u l t i p l y i n g  t h e  f o l l o w i n g  s p a t i a l  f r e q u e n c y  w i t h  m e a n  v e l o c i t y ,  
0 . 3  e y e / d e g  w i t h  2  d e g / s ,  0 . 1 5  e y e / d e g  w i t h  4  d e g / s ,  0 . 0 7 5  e y e / d e g  w i t h  8  d e g / s ,  
a n d  0 . 0 3 7 5  e y e / d e g  w i t h  1 6  d e g / s .  O b v i o u s l y ,  t o  a l l  t h e  f o u r  c o n t r a s t  f r e q u e n c i e s ,  t h e  
c e l l  c a n  f a i t h f u l l y  c a t c h  t h e  v e l o c i t y  m o d u l a t i o n ,  e x h i b i t i n g  a  b e a u t i f u l  s i n e - w a v e  
o s c i l l a t i o n  i n  t h e  s p i k e  f i r i n g  f r e q u e n c y .  T h e  r e s p o n s e  c o n t r a s t  a n d  t h e  m e a n  r e s p o n s e  
w e r e  i n d e p e n d e n t  o f  t h e  c o n t r a s t  f r e q u e n c y ,  b u t  t h e r e  w a s  a  b i g  d i f f e r e n c e  b e t w e e n  
t h e  r e s p o n s e s  w h i c h  w e r e  g e n e r a t e d  b y  j u s t  o n e  c o n t r a s t  f r e q u e n c y  a t  f o u r  d i f f e r e n t  
m e a n  v e l o c i t y  a n d  s p a t i a l  f r e q u e n c y  c o m b i n a t i o n s .  I n  f a c t ,  t h e  c e l l  a l w a y s  p r o d u c e d  a  
s t r o n g  r e s p o n s e  t o  t h e  c o m b i n a t i o n  w i t h  f a s t  s p e e d  a n d  l o w  s p a t i a l  f r e q u e n c y .  T h e  
d a s h d o t  l i n e s  p r e s e n t  t h e  r e l a t i v e  z e r o  b a s e  l i n e .  
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F i g u r e  5 - 7 b .  Q u a n t i t a t i v e  r e l a t i o n s h i p s  b e t w e e n  t h e  c o n t r a s t  f r e q u e n c y  a n d  t h e  
r e s p o n s e  c o n t r a s t  a s  w e l l  a s  t h e  m e a n  r e s p o n s e  o f  f o u r  c e l l s .  T h e  d a t a  w e r e  o b t a i n e d  
f r o m  c e l l  1 6 ,  c e l l  2 0 ,  c e l l  2 1 ,  a n d  c e l l  2 2 .  T h e  s t i m u l a t i o n  w a s  a s  i n  F i g .  5 - 7 a .  T h e  
r e s p o n s e  c o n t r a s t  v e r s u s  t h e  c o n t r a s t  f r e q u e n c y  i s  p l o t t e d  i n  t h e  u p p e r  p a r t  o f  t h e  
f i g u r e ,  a n d  t h e  c u r v e s  o f  t h e  m e a n  r e s p o n s e  a g a i n s t  t h e  c o n t r a s t  f r e q u e n c y  a r e  s h o w n  
i n  t h e  l o w e r  p a r t  o f  t h e  f i g u r e .  T h e  s y m b o l  " * "  p r e s e n t s  a  s p a t i a l  f r e q u e n c y  o f  0 . 3 0  I  
e y e / d e g ,  
" o " ,  
" + " ,  a n d  " x "  p r e s e n t  t h e  s p a t i a l  f r e q u e n c i e s  o f  0 . 1 5  e y e / d e g ,  0 . 0 7 5  
e y e / d e g ,  a n d  0 . 0 3 7  e y e / d e g ,  r e s p e c t i v e l y .  C o m p a r i n g  t h e s e  f o u r  c e l l s ,  t h e  s t i m u l u s  
c o n t r a s t  f r e q u e n c y  h a s  l i t t l e  i n f l u e n c e  o n  t h e  r e s p o n s e  c o n t r a s t  o v e r  t h i s  r a n g e  o f  
f r e q u e n c y .  F o u r  d i f f e r e n t  s t r e n g t h s  o f  t h e  r e s p o n s e  c o n t r a s t  c a n  b e  g e n e r a t e d  b y  t h e  
s t i m u l u s  a t  o n e  c o n t r a s t  f r e q u e n c y ,  o r  t h e  r e s p o n s e  c o n t r a s t s  c a n  b e  t h e  s a m e  a t  f o u r  
c o n t r a s t  f r e q u e n c i e s .  H o w e v e r ,  t h e  s t i m u l u s  c o n t r a s t  f r e q u e n c y  h a s  a  s m a l l  e f f e c t  o n  
t h e  m e a n  r e s p o n s e  i n  t h a t  t h e  f a s t e r  t h e  c o n t r a s t  f r e q u e n c y ,  t h e  s t r o n g e r  t h e  m e a n  
r e s p o n s e .  
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cycles/ degree, and fall to the lowest level at a spatial frequency of 0.301 
cycles/degree, which appears similar to the results observed above. So the mean 
response of Hl depend on stimulus contrast frequency in some cases, perhaps 
depending on the length of the experimental run. 
After averaging these four cells' responses, the relation of the response contrast 
to the contrast frequency becomes clearer (figure 5-8a). It appears to drop by 
about ten percent as the contrast frequency increases from 0.6 to 2.4 Hz (figure 
5-8a). The average response contrast for all the responses is 0.35 when the 
stimulus velocity contrast is 0.5, a ratio of 0.7. This ratio is near to the ratio of 
0.60 + 0.09 observed from the transient response, suggesting that the cell 
transforms signals around a constant response contrast. Figure 5-8b also shows 
parallel curves of the mean response versus the contrast frequency for different 
spatial frequencies. The mean responses to a spatial frequency of 0.075 are 
consistently at the upper position, and those at a spatial frequency of 0.301 are at 
the bottom, indicating that this difference in response strength is attributable to 
spatial frequency rather than to contrast frequency. 
5-3-6. Response modulation at different contrast frequencies and velocity 
contrast levels. 
It is now time to study the effects of stimulus contrast frequency, mean velocity, 
spatial frequency and velocity modulation contrast together on the response 
modulation in more detail by comparing the responses to two different contrast 
frequencies, of 1.2 Hz and 2.4 Hz. This was done on cell 24 with 86 different 
recordings (each of which is averaged 30 times) with a constant velocity 
modulation frequency of 1 Hz and a velocity contrast ranging from 0.1 to 0.95 in 
0.1 steps. 
F i g u r e  5 - 8 .  A v e r a g e  r e s p o n s e  c o n t r a s t  a n d  m e a n  r e s p o n s e  v e r s u s  c o n t r a s t  f r e q u e n c y .  
T h e  d a t a  w e r e  a v e r a g e d  f r o m  c e l l  1 6 ,  c e l l  2 0 ,  c e l l  2 1 ,  a n d  c e l l  2 2 .  T h e  s y m b o l s  o f  
" x " ,  " + " ,  " o "  a n d  " * "  r e p r e s e n t  e i t h e r  ( a )  t h e  a v e r a g e  r e s p o n s e  c o n t r a s t  o r  ( b )  t h e  
a v e r a g e  m e a n  r e s p o n s e  t o  s t i m u l a t i o n  a t  t h e  s p a t i a l  f r e q u e n c i e s  0 . 0 3 7 ,  0 . 0 7 5 ,  0 . 1 5  a n d  
0 . 3  e y e / d e g ,  r e s p e c t i v e l y .  T o  k e e p  a  c o n s t a n t  s t i m u l u s  c o n t r a s t  f r e q u e n c y  f o r  f o u r  
s p a t i a l  f r e q u e n c i e s ,  t h e  m e a n  v e l o c i t y  w a s  c o r r e s p o n d i n g l y  a d j u s t e d  a t  f o u r  v a l u e s .  
L o o k i n g  a t  t h e  f i g u r e ,  w e  s e e  t h a t  t h e  c o n t r a s t  f r e q u e n c y  h a s  v e r y  l i t t l e  i n f l u e n c e  o n  
t h e  r e s p o n s e  c o n t r a s t .  A s  t h e  c o n t r a s t  f r e q u e n c y  i n c r e a s e d  b y  4  t i m e s ,  i . e .  f r o m  0 . 6  
c y c / s  t o  2 . 4  c y c / s ,  t h e  r e s p o n s e  c o n t r a s t  o n l y  d e c r e a s e d  s l i g h t l y  b y  a b o u t  5 % .  A s  
e x p e c t e d ,  t o  a  c o n s t a n t  c o n t r a s t  f r e q u e n c y ,  t h e  c e l l s  p r o d u c e d  f o u r  d i f f e r e n t  s t r e n g t h s  
o f  r e s p o n s e s  t o  f o u r  c o m b i n a t i o n s  o f  t h e  m e a n  v e l o c i t y  a n d  t h e  s p a t i a l  f r e q u e n c y .  
N o r m a l l y ,  t h e  c e l l s  h a d  a  s t r o n g e r  r e s p o n s e  c o n t r a s t  t o  a  h i g h e r  s p a t i a l  f r e q u e n c y  a n d  
a  s l o w e r  m e a n  v e l o c i t y .  S e c o n d l y ,  t h e  c e l l s  u s u a l l y  p r o d u c e d  a  b i g g e r  m e a n  r e s p o n s e  
t o  a  l o w e r  s p a t i a l  f r e q u e n c y  a n d  f a s t e r  m e a n  v e l o c i t y ,  a n d  s l i g h t l y  i n c r e a s e d  t h e  
m e a n  r e s p o n s e s  a s  t h e  c o n t r a s t  f r e q u e n c y  i n c r e a s e d .  T h e  l a r g e - f i e l d  m o t i o n - d e t e c t i o n  
n e u r o n s  c l e a r l y  d o  n o t  m e a s u r e  c o n t r a s t  f r e q u e n c y .  
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F i g u r e  5 - 9 .  R e c o r d s  o f  r e s p o n s e  t o  v e l o c i t y  m o d u l a t e d  s t i m u l i .  T h e  v e r t i c a l  a x i s  1 s  
t h e  a v e r a g e  s p i k e  f r e q u e n c y  o v e r  5 0  r e p e t i t i o n s .  T h e  h o r i z o n t a l  a x i s  i s  p h a s e - l o c k e d  
t o  t h e  m o d u l a t i o n  o f  a n g u l a r  v e l o c i t y  o f  t h e  s t i m u l u s ,  a l l  a t  v e l o c i t y  m o d u l a t i o n  
f r e q u e n c y  I  H z .  T h e  r e f  o r e  e a c h  r e c o r d  i s  o n e  s e c o n d  l o n g .  T h e  f o u r  h o r i z o n t a l  r o w s  
a r e  a t  f o u r  d i f f e r e n t  s p a t i a l  f r e q u e n c i e s  - 0 . 0 3 7 5 ,  0 . 0 7 5 ,  0 . 1 5  a n d  0 . 3  e y e / d e g ,  a n d  a t  
f o u r  d i f f e r e n t  m e a n  a n g u l a r  v e l o c i t i e s  o v e r  t h e  r a n g e  4  °  / s  t o  6 4  °  / s  t o  r e t a i n  a  
c o n s t a n t  c o n t r a s t  f r e q u e n c y  1 . 2  H z  ( t h e  l e f t  c o l u m n )  o r  2 . 4  H z  ( t h e  r i g h t  c o l u m n ) .  
T h e  u p p e r  s e t s  h a v e  v e l o c i t y  m o d u l a t i o n  c o n t r a s t  0 . 4 ,  a n d  t h e  l o w e r  t w o  h a v e  
v e l o c i t y  c o n t r a s t  0 . 6 .  T h i s  i s  s o m e  o f  t h e  p r i m a r y  d a t a  p l o t t e d  i n  f i g u r e  5 - 1 0 .  T h e  
d a s h d o t  l i n e s  a r e  r e l a t i v e  z e r o  r e s p o n s e  b a s e  l i n e s ,  C F  p r e s e n t s  s t i m u l u s  c o n t r a s t  
f r e q u e n c y ,  v c  m e a n s  v e l o c i t y  m o d u l a t i o n  c o n t r a s t ,  v m  m e a n s  m e a n  a n g u l a r  v e l o c i t y  
(
0  
/ s ) ,  s f  m e a n s  s t i m u l u s  s p a t i a l  f r e q u e n c y  ( c y c l e s / d e g r e e ) .  C o m p a r i s o n  o f  t h e  
r e s p o n s e s  i n  t h e s e  f o u r  s u b - f i g u r e s  d e m o n s t r a t e s  c l e a r l y  t h a t  t h e  r e s p o n s e s  a r e  
i n d e p e n d e n t  o f  t h e  c o n t r a s t  f r e q u e n c y  w i t h  v e r y  s i m i l a r  r e s p o n s e  s t r e n g t h  a n d  
m o d u l a t i o n  t o  t w o  c o n t r a s t  f r e q u e n c i e s  ( s e e  t h e  l e f t  c o l u m n  a n d  t h e  r i g h t  c o l u m n ) ,  
b u t  w i t h  d i f f e r e n t  s t r e n g t h  a n d  m o d u l a t i o n  t o  o n e  c o n t r a s t  f r e q u e n c y  ( s e e  r e s p o n s e s  
-
i n  e a c h  o f  f o u r  s u b - f i g u r e s ) .  T h e r e  a r e  d i f f e r e n t  r e s p o n s e  s t r e n g t h s  a n d  m o d u l a t i o n s  
t o  d i f f e r e n t  v e l o c i t y  c o n t r a s t s  ( s e e  t h e  u p p e r  t w o  s u b - f i g u r e s  a n d  t h e  l o w e r  s u b -
f i g u r e s ) .  T h e  s t i m u l u s  s p a t i a l  f r e q u e n c y  i s  a l s o  a  f a c t o r ,  w i t h  t h e  b i g g e s t  r e s p o n s e  t o  
t h e  s p a t i a l  f r e q u e n c y  0 . 0 7 5  e y e / d e g .  
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Let us first examine the response modulation to vanous levels of velocity 
modulation, which are shown as raw traces in figures 5-9 and plotted in figure 5-
10. The upper set of curves (figure 5-lOa) were measured at a mean contrast 
frequency of 1.2 Hz, near a previously determined optimum for the Hl neuron at 
1.4 Hz (Eckert 1981), which involved adjustment of the mean angular velocity 
over the range 4 ° /s to 32 ° /s to compensate for changes of the spatial frequency 
from 0.0375 to 0.30 cycles/ degree. The lower set of curves (figure 5-lOb) were 
measured at a mean contrast frequency of 2.4 Hz, which involved adjustment of 
the mean angular velocity over the range O /s to 64 ° /s to compensate for changes 
of the spatial frequency from 0.0375 to 0.30 cycles/ degree. 
Comparison of (a) and (b) in figure 5-10 shows that, when the response 
modulations are plotted against spatial frequency they are the same irrespective 
of the doubling of mean contrast frequency. As in figure 5-3, the response 
modulation increases smoothly with velocity modulation, as seen by the 
progressively higher peaks in figure 5-10, and as plotted from the same data 
summed from all mean velocities (figure 5-11). The response modulation is the 
relative response, measured as (mean maximum response) minus (mean 
minimum response). This graph also shows the summed mean maximum 
responses for the same set of stimulus situations at mean contrast frequencies 1.2 
and 2.4 Hz. Over the range tested, the ref ore, the responses of the neuron are a 
measure of the velocity modulation irrespective of mean contrast frequency, but 
depending in a particular way on the mean velocity (figure 5-10). In fact we 
already know that the response to the mean velocity progressively declines with 
adaptation whereas the response to velocity modulation adapts much less, if at 
all. 
The response to velocity modulation depends in an interesting way on spatial 
frequency, being maximum for stripes of period about 14°, falling off below 10° 
F i g u r e  5 - 1 0 .  T h e  r e s p o n s e  m o d u l a t i o n  a s  a  f u n c t i o n  o f  s p a t i a l  f r e q u e n c y  f o r  a  r a n g e  
o f  v e l o c i t y  m o d u l a t i o n s ,  a t  t w o  c o n t r a s t  f r e q u e n c i e s  ( a )  1 . 2  H z  a n d  ( b )  2 . 4  H z .  T h e  
f o u r  s e t s  o f  m e a s u r e m e n t s ,  m a d e  a t  s p a t i a l  f r e q u e n c i e s  o f  0 . 3 ,  0 . 1 5 ,  0 . 0 7 5  a n d  0 . 0 3 7 5  
c y c l e s  p e r  d e g r e e ,  w e r e  d o n e  a t  m e a n  v e l o c i t i e s  o f  4  °  / s ,  8 °  / s ,  1 6  °  / s  a n d  3 2  °  / s  i n  ( a )  
a n d  8  °  / s ,  1 6  °  / s ,  3 2  °  / s  a n d  6 4  °  / s  i n  ( b  ) .  T h e  r e s p o n s e  m o d u l a t i o n  i s  m e a s u r e d  a s  
( m e a n  m a x i m u m  r e s p o n s e )  m i n u s  ( m e a n  m i n i m u m  r e s p o n s e ) .  T h e  v a l u e  a t  t h e  l e f t  
s i d e  o f  e a c h  c u r v e  p r e s e n t s  t h e  s t i m u l u s  v e l o c i t y  c o n t r a s t  u s e d  i n  t h i s  c u r v e .  T h e  
m e a n  a n g u l a r  v e l o c i t y  a t  t h e  b o t t o m  o f  e a c h  p o i n t  i s  a  v e l o c i t y  u s e d  f o r  a l l  t h e  
v e l o c i t y  c o n t r a s t s  o v e r  t h e  r a n g e  0 . 1  t o  0 . 8  a t  t h i s  c o l u m n .  T h i s  w a y  o f  p l o t t i n g  t h e  
d a t a  s h o w s  t h a t  t h e  r e s p o n s e  t o  v e l o c i t y  m o d u l a t i o n  i s  n o t  c h a n g e d  b y  d o u b l i n g  t h e  
c o n t r a s t  f r e q u e n c y ,  b u t  i s  a f f e c t e d  b y  t h e  s t i m u l u s  s p a t i a l  f r e q u e n c y .  A l s o ,  i t  s h o w s  
t h a t  t h e  r e s p o n s e s  s a t u r a t e  f o r  v e l o c i t y  c o n t r a s t  g r e a t e r  t h a n  0 .  7 .  
(a) Contrast frequency = 1.2 (eye/sec) 
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F i g u r e  5 - 1 1 .  T h e  r e s p o n s e  a s  a  f u n c t i o n  o f  t h e  v e l o c i t y  c o n t r a s t  a t  t w o  c o n t r a s t  
f r e q u e n c i e s ,  s h o w i n g  a g a i n  l i n e a r i t y  o f  p e a k  r e s p o n s e  ( P R )  a n d  r e s p o n s e  m o d u l a t i o n  
( R M )  o n  t h e  s t i m u l u s  v e l o c i t y  c o n t r a s t ,  a n d  s a t u r a t i o n  a t  a b o u t  v e l o c i t y  c o n t r a s t  0 . 8 .  
T h e  p e a k  r e s p o n s e s  a r e  p a r t l y  a t t r i b u t a b l e  t o  t h e  b a c k g r o u n d  v e l o c i t y  a n d  t h e  r e f  o r e  
d o  n o t  f a l l  t o  z e r o .  T h e  v a l u e s  p l o t t e d  h e r e  a r e  t h e  t o t a l s  s u m m e d  f o r  t h e  f o u r  
d i f f e r e n t  4  °  / s ,  8  °  / s ,  1 6  °  / s  a n d  3 2  °  / s .  s p a t i a l  f r e q u e n c i e s ,  b u t  i t  i s  a p p a r e n t  f r o m  
t h e  s p a c i n g  o f  c u r v e s  i n  f i g u r e  5 - 1 0  t h a t  s i m i l a r  c u r v e s  w o u l d  b e  o b t a i n e d  a t  e a c h  
s p a t i a l  f r e q u e n c y .  
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83 
and above 20° (figure 5-10). These differences are not attributable to the effect 
of stripe period on the modulation passed by the optics because for the small 
stripe periods, the contrast of the stimulus was increased to compensate for the 
loss of intensity modulation in the receptors. We mention here again that this 
adjustment was made by calculation from the previously measured relation 
between contrast threshold and stripe period for the Hl neuron (Srinivasan and 
Dvorak 1980). Of course, with increasing spatial frequency, the intensity 
modulation in the receptors would ultimately disappear, but we did not approach 
this limit. 
5-3-7. Effect of velocity modulation frequency 
Finally, the experiments were done to determine the relationship of the response 
modulation to the velocity modulation frequency and to describe the cell's ability 
to follow at high modulation frequency. With a controlled range of values of 
mean velocity, spatial frequency, contrast frequency and velocity modulation, the . 
velocity modulation frequency was changed over the range 0.25 to 32 Hz, the 
most that could be achieved with the equipment, and the responses measured as 
before as the modulation of the spike rate and also as the peak mean spike rate. 
Examples of response modulation versus velocity modulation frequency at the 
mean velocity of 12 ° /s and at the modulation contrast of 0.5 are plotted in figure 
5-12, clearly showing that over the range from 0.25 Hz to 2 Hz, the responses of 
the cell are modulated in a perfectly sinusoidal way, which appears to be just a 
repetition of the velocity modulation, with a constant mean response at about 60 
spikes/s and a constant response contrast of about 0.48. When the modulation 
frequency changes from 4 Hz to 12 Hz (which is not shown in the Fig.5-12), the 
sine-wave modulation seems to be progressively distorted but still oscillates in a 
regular way, which may be a indication that the cell is still capable of following 
F i g u r e  5 - 1 2 .  D e m o n s t r a t i o n  t h a t  t h e  H  1  n e u r o n  f o l l o w s  v e l o c i t y  m o d u l a t i o n  o v e r  t h e  
f r e q u e n c y  r a n g e  f r o m  0 . 2 5  H z  t o  3 2  H z .  T h e  s t i m u l u s  p a t t e r n  w a s  a  s i n e  w a v e  
g r a t i n g  o f  s p a t i a l  f r e q u e n c y  0 . 1 5  e y e / d e g  a n d  i n t e n s i t y  c o n t r a s t  0 . 3 ,  m o v i n g  a t  m e a n  
v e l o c i t y  1 2  °  / s  w i t h  v e l o c i t y  m o d u l a t i o n  c o n t r a s t  ( v c )  0 . 5 .  T h e  r e c o r d i n g  t i m e  a t  
v e l o c i t y  m o d u l a t i o n  f r e q u e n c y  ( v m f )  0 . 2 5  H z  w a s  2 4 0  s e c o n d s ;  t h e  t i m e  a t  0 . 5  H z  w a s  
1 2 0  s e c o n d s ;  t h e  o t h e r  r e c o r d s  w e r e  6 0  s e c o n d s ,  s o  t h e  h i g h e r  t h e  f r e q u e n c y ,  t h e  
m o r e  t h e  r e p e t i t i o n s .  T h e  n e u r o n  c a n  f a i t h f u l l y  c a t c h  t h e  m o d u l a t i o n  f r e q u e n c y  o v e r  
t h e  r a n g e  f r o m  0 . 2 5  H z  t o  2  H z ,  s h o w i n g  a  p e r f e c t  s i n e - w a v e  o s c i l l a t i o n  w i t h  
c o n s t a n t  r e s p o n s e  s t r e n g t h  a n d  m o d u l a t i o n  c o n t r a s t .  W h e n  t h e  f r e q u e n c y  i n c r e a s e d  t o  
8  H z ,  t h e  s i n e  w a v e  o s c i l l a t i o n  w a s  g r a d u a l l y  d i s t o r t e d  b u t  t h e  r e s p o n s e  c o n t r a s t  
s h o w s  t h a t  t h e  n e u r o n  s t i l l  f o l l o w s  t h e  v e l o c i t y  m o d u l a t i o n .  B e y o n d  1 6  H z ,  t h e  
r e s p o n s e  w a s  m o r e  d i s t o r t e d  b u t  s t i l l  p r e s e n t .  
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the velocity modulation over the frequency range up to 12 Hz. Finally, as the 
modulation frequency was faster than 16 Hz, the responses lose regular 
oscillation in the firing frequency, indicating that the cell is not able to change 
with the velocity modulation frequency over this frequency range. The reason for 
losing the sine-wave modulation at high velocity modulation frequency may be 
also partly because our equipment could not generate a distortion-free sine-wave 
velocity modulation at a frequency over 12 Hz. 
Quantitative measurement of the response modulation and peak response versus 
velocity modulation frequency, reveals that these measures of the response are 
independent of velocity modulation frequency at least up to the frequency of 12 
Hz (figure 5-13). The actual response values depend on other parameters such 
as the contrast and the spatial frequency, and of course on the amplitude of the 
velocity modulation. 
That the Hl neuron responds to velocity contrast, not acceleration, is shown by 
the fact that the response - is in phase with the sine-wave modulation of the 
velocity. The same is demonstrated by the fact that the plot of response versus 
velocity modulation frequency is flat (figure 5-13). If the response depended 
upon angular acceleration ( dw / dt ), the response would increase linearly with 
velocity modulation frequency. It was indicated by previous work that the Hl 
neuron responds to increments or decrements in the velocity of a random grating 
pattern (Maddess & Laughlin 1985); we have now shown that it responds to 
dw/w (here w is mean angular velocity) rather than to dw/dt, for the range of 
velocity modulation frequencies up to 12 Hz for regular sinusoidal gratings. 
, , . .  
F i g u r e  5 - 1 3 .  R e s p o n s e  a s  a  f u n c t i o n  o f  v e l o c i t y  m o d u l a t i o n  f r e q u e n c y  a t  a  v e l o c i t y  
m o d u l a t i o n  c o n t r a s t  o f  0 . 5 .  ( a )  T h e  r e s p o n s e  m o d u l a t i o n  a t  f o u r  d i f f e r e n t  m e a n  
v e l o c i t i e s  - 8  °  / s  (  +  ) ,  1 2  °  / s  ( * ) ,  1 6  °  / s  ( o  ) ,  a n d  2 0  °  / s  ( x ) .  ( b )  P e a k  r e s p o n s e  a t  t h e  
s a m e  f o u r  m e a n  v e l o c i t i e s .  T h e  d a t a  w e r e  o b t a i n e d  f r o m  c e l l  2 4 ,  w i t h  t h e  s a m e  
s t i m u l u s  c o n d i t i o n s  a s  i n  f i g u r e  5 - 1 2 .  P l o t t i n g  i n  t h i s  w a y  d e m o n s t r a t e s  a g a i n  t h a t  t h e  
r e s p o n s e  i s  i n d e p e n d e n t  o f  t h e  v e l o c i t y  m o d u l a t i o n  f r e q u e n c y  u p  t o  1 2  H z .  
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5-4. DISCUSSION AND CONCLUSION 
Until we realize that motion perception of a flying insect must be performed 
aganist a background of steady forward flight, the most outstanding and 
unexplained feature of the Hl neuron is that it continuously adapts to the 
motion in its preferred direction, which at first sight is its most appropriate 
stimulus. Many neurons, especially phasic sensory cells, adapt to a maintained 
stimulus in this way over a wide (but usually fixed) range of rates of adaptation. 
The general inference from the phenomenon of adaptation, summarized by the 
Weber/Fechner relation, is that the neuron responds to a change in the stimulus 
over a wide range of background stimulus without faithfully recording the 
maintained or background level. The Hl neuron has the further and surprising 
property that the temporal resolution to do this is improved by the motion itself 
just when it is needed. 
5-4-1. Velocity contrast is equivalent to contrast frequency contrast 
For a regular pattern, of spatial frequency (f) and angular velocity (w): 
Contrast frequency = angular velocity* spatial frequency = w*f ... equ. (1). 
Contrast frequency contrast = (wl *fl - w2*f2)/(wl *fl +w2*f2) ... equ. (2). 
So, if f is constant, fl = f2, then 
equ. (2) = (wl - w2)/(wl + w2), so 
contrast frequency contrast = velocity contrast equ. (3). 
The velocity contrast describes the motion of the stimulus: the contrast 
frequency contrast describes the resulting temporal modulation of the flicker at 
each receptor. For constant spatial frequency, the velocity contrast is identical to 
the contrast frequency contrast. Therefore the unit motion detectors could 
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measure the directional contrast frequency contrast, irrespective of mean 
contrast frequency. 
5-4-2. The action of the Hl neuron 
We confirm by a different method the conclusion of Maddess and Laughlin 
(1985) that the Hl neuron, and by implication other large lobula plate neurons 
such as V2 that behave similarly, detect changes in velocity of a moving pattern 
and give a measure of their amplitude. The early work was restricted to an 
indication that sensitivity to increments and decrements of velocity increased 
with adaptation, that the response to a change in velocity is optimum around the 
adapting velocity and that the response to a constant velocity contrast is fairly 
independent of the adapting velocity. We have shown that responses increase 
with velocity modulation independently of background velocity, contrast 
frequency or velocity modulation frequency. We also found that at low intensity 
contrast the response to sinusoidal modulation of the velocity was also sinusoidal 
and in phase, at least up to 12 Hz. Therefore the response is to velocity 
modulation, not acceleration, and the background velocity is not of great interest 
to this neuron. Indeed, we can repeat that adaptation of Hl has the same effect 
on the response to motion as adaptation of the receptors has upon their response 
to light. Further, the adaptation is apparently a property of the unit motion 
detectors or directional templates because it is localized to the visual axes that 
are stimulated, and not influenced by the actual spike rate of the Hl neuron. 
Therefore, by analogy with the photoreceptors, which report changes in photon 
flux, the unit motion detectors report changes in motion and the response of the 
directional motion templates, whatever they are, follow the Weber-Fechner 
relationship, like photoreceptors. 
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5-4-3. The mechanisms involved 
Electrophysiology has not yet uncovered the unit motion detectors, which have 
so far only been inferred from the spatial resolution of large field motion 
detection. Three different ideas about the mechanism have been aired. All agree 
with the observation that the steady state response is independent of the pattern 
when plotted against the contrast frequency, but this is true for any mechanism 
which gives a unit response to the passing of each edge, especially when the 
effect of increasing contrast saturates at a low contrast level. The autocorrelation 
theory of Reichardt (1961) is the most popular. It is a steady state theory which 
has been extended to account for adaptation (Egelhaaf & Borst 1989). 
Essentially it is a way of mainipulating the stimulus pattern to predict a single 
final output. By choice of parameters, the output is fitted to the input, with no 
assistance to those seeking neural mechanisms. The second idea is that pairs of 
neuron terminals from adjacent visual axes make an asymmetrical compound 
synapse upon a dentrite of the motion detector neuron with sufficient time 
constants to fit to the required output. These are minimal theories, the simplest 
to fit the results, and not mutually exclusive. A third theory is that there is a 
group of templates which are repeated on each visual axis at the level of the 
medulla, and that these templates respond to combinations of contrast states at 
adjacent pairs of visual axes at successive times (Horridge 1990). The templates 
could be neurons or parts of neurons. Their essential feature is that they respond 
phasically as their own pref erred features pass over them in the moving image, 
and the responses of the various templates are separatedly line-labelled so that 
they can be counted, or ratios taken, in the same way as different photoreceptor 
responses lead to colour vision. This is a very general theory that accounts for 
much more that the optomotor response. We can add that adaptation must also 
be a significant property of the unit motion detectors or 
templates. 
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5-4-4. What use is velocity contrast? 
In the natural situation, with the moving animal in flight, there is a one-
dimentional flow field expected at each point on the eye ( except looking directly 
ahead). There are long-term mechanisms, such as overhead light acting via the 
compound eyes which keep the fly on an even keel (Hengstenberg 1989). Similar 
ocellar mechanisms have this function in some other insects (Wilson 1978). The 
most obvious features of the large-field motion-detection neurons are that they 
are phasic, high spatiotemporal resolution, very high gain, short-latency and 
directional, all of which can be accommodated by the template model. Errors in 
flight control must be corrected with the stiffest possible feed-back loop at 
maximum gain in the right direction. The urgent requirement is the qualitative 
sign of the response and it may be incidental that anything is measured 
quantitatively. The relation between velocity contrast and response modulation 
may simply be an arbitrary consequence of having many templates in parallel all 
adapting to background motion but optimizing their ability to give an immediate 
response to a transient in the preferred direction. 
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CHAPTER SIX 
GENERAL DISCUSSION 
The large field motion detectors, especially the Hl and V2 neurons, turned out 
to be an apparently simple but in fact very one-sided model system for the study 
of how signals are processed (Reichardt and Poggio 1976; Poggio and Reichardt 
1976; Srinivasan and Dvorak 1980; Buchner 1984; Reichardt 1986; Horridge 
1990). The principles of motion detection tested on the Hl neuron have been 
extended to explain motion detection in other species, even man ( van Doorn and 
Koenderink 1982a, b; van Santen and Sperling 1984; Baker and Braddick 1985; 
Wilson 1985), but, in fact, only with respect to a very limited aspect of motion 
perception. Briefly speaking, the motion signals, in the first step of their 
evaluation, are captured locally by some local input units, called EMD's 
( elementary motion detectors) or bilocal detectors, each of which is assumed to 
be an interaction of two neighbouring retinal input channels in both time and 
space as originally proposed by Hassenstein & Reichardt (1956), funneling into 
neurons, called large field motion detectors, apparently related to optomotor 
functions. However, whether the horizontal and vertical neurons share the same 
or similar input channels, whether there is only one kind of motion channel in 
transforming the motion signals from the EMDs to the LFMDs or not, and what 
they measure, are further studied in our experiments. 
6-1. The similarity of the Hl and V2 neurons. 
A motion in any direction in the two-dimensional image on the eye can be 
resolved into two vectors - horizontal and vertical. Perhaps not coincidentally, 
the large field motion-sensitive neurons of the lobula plate also fall into two 
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groups - the horizontal and the vertical motion-detectors (Hausen 1981; 
Hengstenberg 1982). Theoretically, these two groups of neurons on the two sides 
are together capable of detecting any motion - rotatory (yaw, roll, pitch) and 
translatory (lift, thrust, side-slip) movements, so it is natural to test whether they 
have the same or similar properties in processing motion information. Supposing 
that the large-field motion-detection has three stages - first the input properties, 
then the motion processing mechanism and finally the impulse initiation stage, 
the above results demonstrate a strong similarity between Hl and V2 neurons in 
all three stages. 
6-1-1. Physiological similarity of Hl and V2. 
Comparing the responses of Hl and V2 to the stimulus of a moving grating or a 
bar, it is found that they have very similar physiological characteristics, in the 
following ways. Both have a similar size of receptive field covering the major 
part of the opposite eye, revealing that both receive visual inputs distributed 
from similar regions of the eyes. They respond to movement of similar time 
course with transient and steady state stages, and with similar increment and 
decrement time constants which probably reflect similar low and high pass filters 
in signal transformation. Also the response speed of both cells reveals no 
difference in the latency and time to peak (Fig.4-9), indicating that both types of 
cells may process the signals by similar circuits and via the same number of 
synapses. Their firing frequency is over a range from 20 spikes/s to 400 spikes/s, 
though Hl is more active than V2. To varied jump angles of a bar, both of them 
have the same shape of the response-displacement curves (Fig.4-7, Fig.4-9 and 
Fig.4-10), with the stimulus threshold at about 0.1 °. And both have similar 
velocity discrimination capable of encoding the velocity linearly to 56 ° /s in the 
transient response and to 40 ° /s in the steady state (Fig.4-7). They possess the 
same triangle-shaped curves with 2.2° width at two thirds of the peak when the 
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transient response is plotted against stimulus displacement (Fig.4-9a & 4-10). 
This field apparently reflects the spatial spread of the individual EMD's with 
optimum width 2.2°, because the spatial sampling pattern involved in the motion 
detection is based on a spread of 2 or 3 interommatidia (Tinbergen 1987; 
Schuling et al, 1989). The transient response strengths of both are linearly 
dependent on the displacement in a range from 0.1 ° to 0.65° during the 
integration time (Fig.4-4), which decreases from 40 ms to 6.5 ms with increase of 
stimulus speed from 16 °/s to 80 °/s (Fig.15 shows a result from Hl), exhibiting a 
capability of measuring the stimulus displacement linearly up to 0.65°. 
After seeing a stationary periodical pattern, the response of Hl and V2 to 
movement of the pattern exhibits an interesting feature - the afterimage (Fig.3-
1) - so that the amplitude of the response oscillates at the temporal frequency of 
the stimulation (Fig.3-2). During the afterimage V2 temporarily loses its 
directional selectivity (Fig.3-4 ), in agreement with the previous finding on the Hl 
neuron (Maddess, 1986). For both neurons, the afterimage can be eliminated by 
a prior motion, even at a very slow speed of 8 ° /s (Fig.3-3), indicating that both 
cells rebuild their directional selectivity after responding to a movement for 2 
seconds. The afterimage apparently indicates some intrinsic properties of the 
unit motion detectors. The short term memory may lie in the EMD's during the 
transient state (Maddess, 1986); or there is a low pass filter before the 
movement-detection interaction of the visual inputs (Egelhaaf, 1988). The 
responses of Hl and V2 to the jump of a bar are also both influenced in the 
same way by a prior-motion, exhibiting a strong negative phase following the first 
peak (Fig.4-12). 
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6-1-2. Morphological similarity of Hl and V2. 
The similarity of the response properties is probably correlated with the 
similarity of the location of the dendrites of these two neurons in the lobula 
plate. Among those tangential cells of the lobula plate of the fly so far marked 
and recorded, only Hl and V2 are heterolateral whole-field neurons connecting 
both lobula plates, with large dendritic domains in both sides (Hausen 1976a, b 
& c; Hausen & Egelhaaf 1989; Eckert 1980 & 1982; Hengstenberg 1982; 
Strausfeld 1984 ). Although there is no direct proof of Hl and V2 assembling and 
sending signals by similar nervous circuits, the anatomical and physiological 
evidences found so far do support that idea (Bishop et al. 1966, 1981; 
Marmarelis & McCann 1973; Hausen 1976). 
6-1-3. The similarity in the inputs level of Hl and V2. 
The similarity in the responses of the Hl and V2 neurons must be referred to the 
processing elements, especially the elementary motion detectors - the presumed 
basic functional units in the first step of the processing motion signals. According 
to this assumption, all of the transient response of the LFMDs represents the 
properties of EMDs (Egelhaaf & Borst 1989; van Hateren 1990), and it is now 
proposed that Hl and V2 may share EMDs with similar temporal and spatial 
properties. The results are in full agreement with Srinivasan's proposition (1983) 
based on Hl that the EMDs measure the stimulus displacement during the 
transient response, and may support the template model in that EMDs simply 
respond to passing edges (Sobey & Horridge 1990). Also, the transient response 
duration of Hl and V2 remains constant, which means that they cannot 
discriminate the length of stimulation during that period. The integration time 
apparently becomes a measure of the EMD's temporal resolution, which is 
improved by a faster stimulus for both neurons. 
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The EMDs - whatever they are - play a fundamental role in determining the 
ultimate properties of the LFMDs. If Hl and V2 collect the motion signals from 
similar EMDs, as suggested, the final response characteristics must be similar. In 
fact, there are some alternative ways of using similar EMDs as inputs for both 
Hl and V2 neurons. One way is to consider the inputs of Hl and V2 as just the 
horizontal and vertical components of the EMD's responses (Buchner 1976; 
Franceschini 1975 & 1985; van Hateren 1987 & 1990). A single EMD then 
consists of four basic motion detectors, a positive and negative ON-EMD and 
OFF-EMD, which are derived from two neighbouring retinula cells in the same 
ommatidium, for example from Rl to R6 (Franceschini et al. 1989; Kirschfeld 
1972). So, within one ommatidium, six functionally similar EMDs can be formed 
with preferences in six different directions across the retina, the basic horizontal 
motion detection is just the sum of horizontal components, and the basic vertical 
motion detection normally needs the EMDs whose orientations are separated by 
60° (van Hateren, 1990). 
Of course, it is not necessary to assume only one kind of EMDs acting at the 
input level; and in fact it is not known whether, in morphological terms, there 
are separate EMDs in the visual pathways of the fly at all, although small-field 
motion detectors have been recorded in the medulla of the fly (De Voe & 
Ockleford 1976; DeVoe 1980) and of the locust (Osorio 1987). Actually, any 
homogeneous network, whose elements interact positively or negatively laterally 
in one direction, can effectively detect movement in the pref erred direction. Van 
Hateren showed that the measurement were compatible with the idea that the 
response of Hl is just a weighted non-linear sum of a group of the EMDs with 
different sampling distances of spatial interaction, but didn't demonstrate this 
(van Hateren 1990). We also know from tests done by Kirschfeld (1972) that 
there are certain directions of interactions between retinula cells on different but 
adjacent axes. Some of these may be sent separately to different giant cells of the 
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lobula plate, but, in general, the response properties of all of the motion 
detection neurons are similar. 
By using sequential micro-stimulation of adjacent neuro-ommatidia of the 
blowfly compound eye, it was found that the spatial sampling pattern underlying 
visual movement detection is dominated by nearest-neighbour interactions 
between pairs of cartridges (EMD's), but sampling bases or lateral interactions 
also exist at 2, 4 and 6 times the interommatidial angle (Schuling et al, 1989). 
Similarly, experiments on fly landing behaviour indicated that the movement 
response can be elicited by simply stimulating those motion detectors whose 
spatial sampling bases are between 2 and 3 times the interommatidial angle 
(Tinbergen, 1987). The lateral interaction of neuro-ommatidia can take place 
even in a extended range to satisfy the task of detecting movement ranging from 
0 to infinity (van Hateren, 1989). These results demonstrate the flexibility of 
lateral interactions in range and strength between the EMDs to farm different 
kinds of motion channels in the LFMDs responses to object movements with or 
without prior-motion. 
Summing up, the Hl and V2 neurons are similar in their responses to 
movements; due to processing motion signals in similar ways with similar inputs. 
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6-2. Two kinds of directional motion detection channels. 
6-2-1. Theory and present results. 
Fly directional motion detection has been widely studied in past decades. Any 
movement is first detected locally by distributed EMDs in parallel, with the 
spatial resolution of the retina, and their responses are assembled by large-field 
motion-detectors at the lobula plate for optomotor responses (Reichardt and 
Poggio 1979, Srinivasan & Dvorak 1980, Hausen 1983). However, some 
questions remain still open. Do all motion detection channels have similar 
temporal and spatial properties? Are all kinds of motion signals transferred into 
the LFMDs within the same pathways or are there other destinations beside the 
LFMD's? In this section it is proposed that the fly's motion detection system has 
two kinds of distinct motion channels. One set are band-pass or high-frequency 
channels, primarily detecting sudden movements, the other is more responsive to 
continued movements. It is assumed that the fly's motion detection system 
classifies moving objects into sudden or continued movements, and employs 
separate mechanisms to deal with each kind of movement. 
This proposition is supported by the following results. The Hl and V2 neurons 
possess two kinds of response-velocity curves in response to brief jumps of a 
black bar. With prior-motion, the cells produce sigmoidal-shaped transient 
response curves (Fig.4-9 & 4-10); but without prior-motion, bell-shaped transient 
response curves appear (Fig.4-16). This significant difference is generated by the 
processing system itself. A hypothesis for this phenomenon is that the fly's 
motion detection system has two separate channels. The channels with 
sigmoidal-sbaped response-curves are more suitable for the task of measuring 
velocity than the channels with bell-shaped curves. The sigmoidal-shaped 
response-curves will never confuse two speeds by producing the same strength of 
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response to two different speeds, but the channels with bell-shaped curves 
certainly will make this mistake. So the channels with sigmoidal-shaped response 
curves can participate in range-measurement or the control of landing. In 
contrast, the channels with bell-shaped curves are definitely not suitable for this 
kind of work for they indicate with accuracy only the direction of a movement. 
So far, we do not yet know precisely where, along the visual pathway, these two 
kinds of motion detection channels may lie, if they are separate. Motion 
detection certainly does not take place in the retina, and happens before 
summing the EMD's in the lobula plate. Experiments with the activity-specific 
method with deoxyglucose suggest that the motion detectors may be in the 
medulla (Buchner et al., 1979). Direction-selective units have certainly been 
found in the medulla (DeVoe & Ockleford 1976; Osorio 1987). Now, let us 
provide some experimental support for our hypothesis that motion signals are 
transf armed by two kinds of motion detection channels. 
6-2-2. The new experimental evidence. 
Firstly, the two kinds of motion detection channels may be formed at the level of 
the EMDs, which appear to have the ability to change their spatial and temporal 
parameters according to the stimulus. This idea actually has already been talked 
about for decades. In the early works of Buchner (1976) on the walking fly, the 
results suggest that the motion responses of the animal are dependent on a 
weighted sum of the outputs of different kinds of EMD's whose spatial 
interaction distances vary from the adjacent visual input elements to ones several 
visual axes away. The concept has been developed by van Hateren (1990), who 
points out that the spatial interaction between visual input elements can take 
place in various ranges to form EMDs with different spatial resolutions. Another 
model based on this idea is proposed by Srinivasan & Dvorak (1980), which 
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shows several types of EMDs with various ranges of spatial integrations at 
different levels of ambient light. Further results from the experiments on the Hl 
neurons, by using sequential micro-stimulation of two ( or more) adjacent neuro-
ommatidia in the compound eye of the blowfly, are also in agreement with these 
models (Schuling et al. 1989). The above arguments demonstrate the existence 
of more than one kind of EMD in the spatial domain, but only hint at EMDs 
with different temporal parameters. In fact, the EMDs with various spatial 
sampling ranges must also have different temporal measures. The EMDs 
composed of neighbouring ommatidia may be most sensitive to small movements 
or lower velocities. In contrast, the EMDs with long interaction ranges may be 
able to respond to greater velocities. From an experiment on visually guided 
orientation behaviour, Pick (1976) concludes that fly visual input elements that 
respond to flickering stripes contain two different mechanisms - a local flicker-
detecting mechanism whose sampling ranges are limited to 3 vertical rows of 
ommatidia, and a specific directional interaction which is mediated by a field of 
interconnections of receptors separated by at least 4 to 6 vertical rows of 
ommatidia. In fact, the local flicker-detecting mechanism is very similar to the 
high-frequency channel, and the type with wider spatial separation is working in 
a similar way to our second kind of motion channel, so that both together can 
measure a wide range of speeds. 
Unfortunately, there is not much direct evidence about different types of motion 
filters in fly EMDs. In fact, every effort has been made to explain fly motion 
perception in terms of a single channel. In general, all neurons can be divided 
into two groups in terms of their physiological properties - high pass or phasic 
and low pass or tonic neurons. This apparently applies to two kinds of specific 
motion detection filters with different movement preferences. The first is a 
band-pass filter with a bellshaped response versus velocity profile, with high pass 
in a certain range of velocity. Probably, these filters can be used only to catch a 
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sudden movement, especially from steady state motion and possibly only suitable 
for detecting motion direction and direction of velocity change within this 
velocity range. The other kind of motion filter would be a high-pass filter with a 
sigmoidal-shaped response curve but with a relatively low response gain, 
generally used for continued movement, and sensitive to a wide range of 
velocities. The response of the LFMDs is then a weighted sum of these filters, 
with final behaviour determined by which one dominates. With a background 
motion, the high-pass filters are favoured, and the temporal resolution is 
shortened, but with no motion the weighting is changed so that the band-pass 
channels determine the characteristics of the response. It is also known that the 
LFMDs are less acute in low light levels (Srinivasan & Dvorak 1980). 
The idea of two channels is also supported by previous findings on the medulla 
of the fly (De Voe 1976, 1980). Cells of the lamina chiasma and medulla can be 
roughly classified into sustaining cells and flicker ON/OFF cells in response to 
movement, and the responses included tonic and phasic components (Arnett 
1972). Also the recent results with intracellular recording and marking in locust 
medulla (Osorio, 1986, 1987 & 1988) indicate the same classes. The medulla of 
the locust contains many non-directional small-field motion detectors with 
different temporal constants, some transient cells and others sustaining cells. 
Other recent results on fly behaviour support the hypothesis of different 
channels for different motion signals. First, in the fly's yaw torque response, the 
compensatory optomotor turning reaction and the orientation response towards 
objects must be mediated separately by two kinds of parallel circuits (Reichardt 
1979, 1986; Egelhaaf 1985 a-c, 1987 & 1989; Hausen & Wehrhahn 1990). 
Perception of global movements causing low oscillation frequencies of the yaw 
torque are controlled by the large-field motion-detection cells of the lobula plate 
(Hausen, 1982a, b ). Local movements and high frequencies of yaw torque are 
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mainly detected by other, so-called FD cells forming the small-field motion-
detection system (Egelhaaf 1985b, c). These two channels are proposed to act 
together in discriminating a target from its background (Egelhaaf 1987). About 
ten years ago, experiments on the tethered fly already suggested a similar model 
to pr.edict how the fly discriminates local moving targets from the background 
movement (Reichardt & Poggio 1979). The above conclusions are not directly 
related to two kinds of EMDs, but suggest that the EMDs feed into two 
channels. 
There is a fundamental problem as to how any visual system has available the 
right kind of channels to deal with expected signals. For motion there seems to 
be two kinds of transient responses selected by the prior motion state. 
6-2-3. Short-term memory. 
A fly can learn quickly an object movement and remember it for short periods 
(Geiger 1975). There is also good evidence of memory with regard to visual 
parameters, such as orientation, in the insect's nervous systems, especially in the 
honey bee (van Hateren, Srinivasan & Wait; 1990). Furthermore, experiments 
on bee visual behaviour suggest a probable pictorial memory in learning and 
remembering spatial patterns (Gould, 1985, 1986 and 1987). Four memory 
stages have been proposed - a working memory, an early memory, a late memory 
and a permanent memory (Menzel, 1978, 1983 and 1985). Also, a short-term 
position-memory (called optokinetic memory) has been found in the crab and 
the locust (Horridge 1966, a & b ), and fly (Mastebroek 1982). These facts 
indicate many kinds of memory in insect's visual systems, but where they are, and 
how flies select these channels is completely unknown. 
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6-2-4. How to select the right channel. 
The short-term motion memory depends on the pnor motion state of a 
contrasting edge, the position of which is known to the motion-detection 
mechanism. So when perceiving an edge movement, the direction of motion is 
derived by comparison of this memory with the new location. Supposing, 
however, the edge was previously in motion. Then, the motion channels with the 
sigmoidal shaped response curve and the high-pass frequency characteristic 
would respond and transfer motion signals to the LFMSDs. On the other hand, if 
the edge was previously stationary, the channels with the bell-shaped response 
curve and the band-pass frequency characteristic are selected. Apparently, the 
course of switching motion signals between channels is completed gradually, 
because the cells need a certain period to adapt to the stimulus movement. 
Switching motion signals into appropriate channels also can be implemented by 
using supra/sub-threshold mechanism (Foster 1971; Grzywacz & Koch 1987). It 
is proposed that, after the EMDs response to movement, all motion signals are 
sent to switch-cells via temporal filters. Therefore, sudden object movement 
from the steady state will generate relatively larger supra-threshold responses, 
which are switched into the band-pass channels, and meanwhile the other 
channels are still in the off state so that the band-pass channels characterize the 
responses of the LFMDs. But when facing continuous movement the response 
strength falls below the threshold because of the adaptation or temporal 
filtering, and the band-pass channel becomes inactive. All motion signals are 
then routed to the high-pass velocity channels, and the response is dominated by 
the high-pass channels. 
The same effect can be achieved in another way, by non-linear lateral 
interactions between two kinds of motion channels. When a target starts to 
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move, the response component via the band-pass velocity channels is more 
active and strongly inhibits the others, thus the responses of the LFMDs are 
dominated by the characteristics of the band-pass channels. But after a certain 
period of time, the response components in the band-pass channels decline, and 
are inhibited by the response components from the high-pass velocity channels, 
now getting stronger, and as a result the LFMD behaviour is gradually 
characterized by the high-pass channels. 
The bell-shaped and sigmoid response curves can also be explained as a result of 
nonlinear lateral interactions working at two different states. When responding 
to the movement of an object without prior-motion, only those EMDs that are 
directly facing the edge at the moment of starting the movement are excited at 
all, and no inhibition is coming from the adjacent units. Meanwhile the excited 
ones produce a stronger inhibition then those excited later, if the strength of the 
inhibition is proportional to the response of the preceding EMDs. As a result, 
the LFMSDs response is a bellshaped curve while the target is passing those 
EMDs. But when dealing with an object with continued movement, all the 
EMDs are at the same position relative to the stimulus and excited 
simultaneously, with similar response sensitivities and lateral interactions. Thus 
the LFMDs responses will never drop down while the object moves across those 
regions, and they therefore exhibit sigmoidal-shaped curves. As yet there is no 
direct proof of any particular mechanism to choose the motion channels, 
because the topic has hardly been considered previously. 
To sum up, there may be two kinds of motion-detection channels for continuous 
movements or sudden movements, just as neurons can be divided into two 
groups - transient cells and sustaining cells. For avoidance of obstacles, the bell-
shaped channels deal with velocity changes, with a fast and sensitive response. 
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Responses, which need accurate velocity tuning, can be only satisfied with the 
sigmoidal-shaped response curves provided by the high-pass channels. 
6-3. What the cells Hl and V2 measure 
6-3-1. Motion measurements of large-field motion-detectors. 
What the Hl and V2 cells measure in response to movement is a pnmary 
challenge which has puzzled many researchers for decades. It is also essential to 
understand precisely how the visual system works, before the knowledge can be 
applied to other areas of research, such as machine vision. 
Let us make a brief review of previous conclusions. Any movement, in direction 
and speed, can be detected by a symmetric network with directional lateral 
nonlinear interactions such as a threshold, clipping, multiplication, comparison, 
division or rectification, with convergence of at least two neighbouring receptor 
signals. Accordingly, several motion-detection models have been proposed, 
based on different lateral interactions, including the gradient scheme (Limb & 
Murphy, 1975: Ullman, 1981; and Marr & Ullman, 1981), the auto-correlation 
scheme (Hassenstein, Reichardt, 1951 - 1967; Poggio & Reichardt, 1973b; 
Kirschfeld, 1972 and Buchner, 1976), and logical null detector (Barlow & Levick, 
1965), and a very simplified template model (Horridge, 1990). The 
measurements made by these models are significantly different, according to 
their mathematics. The auto-correlation model measures the contrast frequency 
of the stimulation by multiplying the outputs of the two contiguous neuro /photo-
receptors. Similarly, the Barlow-Levick model just produces a response to some 
speeds of movement of an edge, by a asymmetrical lateral inhibition. The 
gradient model measures velocity of the movement by a division of local 
temporal and spatial derivatives (Jin & Srinivasan 1990). The template model 
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responds to the edge movements irrespective of their velocity and acceleration, 
by using a logical comparison as they pass by. Several of the possible models 
measure contrast frequency irrespective of pattern because they are driven by 
the number of edges passing a given point per second. 
All four theories have enjoyed some success in explanation of certain aspects of 
the motion-detector responses, and in predictions of some visual behaviour. 
Differences in these predictions are at least a hint that each of these models is 
not complete, or is limited in interpreting the mechanisms of motion perception. 
For example, the multiplication model predicts that the response strength 
depends on the square of the contrast of light intensity, but there is no direct 
evidence so far proving that. It is argued . that waveforms of characteristic 
movement response can be explained by multiplicative inputs from the lamina 
and medullary cells to movement detectors in the fly (DeVoe 1980). In the 
gradient model, any random noise which temporally changes the light intensity, 
generates a large response which significantly distorts the output. Anyway, it is 
clear that none of these models is sufficient to explain all of insect visual 
behaviour and nobody has yet succeded in making a complete artificial visual 
system using one of these models. 
Theoretically, the ability of the nervous system to make measurements is 
severely limited by its signal transformation characteristics. All neurons are 
extremely limited in their information-carrying capacity. For Hl and V2 
neurons, the signaling ability has a limit of around 300 spike/s in our 
experiments. Apparently, the cells are not capable of adequately measuring the 
motion increments-ranging from O O /s to over 300 ° /s, even in steps of one per 
spike corresponding to one O / s increase, because of the noise, or variance in 
spike rate. This is a clear indication that the LFMDs do not treat the movement 
velocity as their main measurement, simply because in nature objects move in a 
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continuous speed range wider than that. Also it is doubtful that the cells measure 
the velocity, the contrast frequency or the spatial frequency if the speed is 
constant because they adapt to it. It is unlikely that flying animals can 
discriminate innumerable random velocities and spatial frequencies in 
distributed natural scenes, because the response to velocity depends on spatial 
frequency. We do not want to dismiss the possibility of interactions between the 
inter-neurons, making possible measurements of spatial frequency within a 
certain range, but the LFMD's adapt to any movement at a constant speed. It is 
unlikely that there are plenty of channels capable of responding to the different 
spatial frequencies, and neither velocity nor contrast frequency nor spatial 
frequency are of interest to the LFMDs because they adapt. 
Therefore, in the face of these restrictions in signal transmission, it is not 
surprising that the cells should adopt some mechanism which can sufficiently 
encode some aspect of the stimulus over a wide range of speeds and various 
spatial structures, and being able to eliminate interference from various sources 
of noise, as well as change in ambient light intensity, and finally capable of 
keeping some constant measurements throughout the processing, so that all 
associated cells have the same response-coordinates. Our results in fact 
demonstrate that the cells do measure velocity contrast irrespective of the other 
parameters ( Chapter 5). 
6-3-2. Velocity contrast measurement 
There are several lines of evidence indicating that the large field motion-
sensitive neurons measure velocity contrast. Theoretically, the abstraction of 
velocity contrast is the only measure that can satisfy two conditions, a) enabling 
the cells to use their firing capability fully and b) to encode any movements 
efficiently, irrespective of any random noise. Some phenomena, found in the 
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LFMDs, such as adaptation, the gain control and lateral interaction, also hint 
that velocity contrast and its direction are the only parameters of interest to the 
visual system. 
That the LFMDs respond to velocity contrast irrespective of contrast frequency, 
spatial frequency etc, gets strong support from the appearance of a gain control 
mechanism in the responses. It is known that one purpose of the gain control is 
to adjust the strength of the response to enhance the relative sensitivity to 
changes in strong stimuli. The adaptation of the cells response to continuous 
movement, which has been widely studied (Zaagman et al. 1983; and Maddess 
1985), provides powerful evidence for the existence of gain control. The function 
of adaptation is to reduce the gain to protect the system from saturation, so 
retaining its sensitivity to changes. 
The conclusion has further support from the finding that there is a strong lateral 
interaction between the inter-neurons which send motion signals to the LFMDs. 
This dominates the LFMD's responses and probably leads to the measure of 
velocity contrast. Lateral interaction is a common feature of many aspects of 
visual function, already discussed in anatomical and functional terms by many 
authors. For example, one role of lateral interaction is to suppress the low-
spatial-frequency components of the visual scene as well as to block out the low-
temporal-frequency components of the visual flow, filtering out signals which are 
of little use in detecting movement (Srinivasan and Dvorak 1980). The most 
significant role of lateral interaction is primarily to emphasize the changes in the 
inputs, and ultimately to enhance contrasts. Of course, which contrast is 
enhanced in the system depends on how the system's components respond. 
Considering a system which is composed of many parallel distributed elementary 
units with lateral inhibition, if each element is locally · sensitive to velocity, the 
whole system will most likely abstract velocity contrast. The LFMDs are just this 
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kind of system. In fact, the possibility of lateral interaction in the LFMDs inputs 
has already been discussed in previous sections; the best evidence came from the 
appearance of the inhibitory phenomenon at the moment of changing the 
velocity. With the stimulus of a black bar briefly jumping in the preferred 
direction with prior-motion, strong excitation and inhibition phases 
corresponding to the velocity increment and decrement appear at the moment of 
jumping in the response of the Hl and V2 neurons and follow the Mach pattern. 
An example recorded from V2 is shown in Fig.4-15. The Mach band, of course, 
is a typical product of lateral inhibition. So if we agree that the LFMD's is just a 
system consisting of many parallel distributed EMDs each of which is sensitive to 
edge motion with lateral interaction by neighbouring units, the response of the 
whole system must relate to velocity contrast measurements. 
Support also comes from the fact that many kinds of neurons appear to be 
interested in encoding stimulus contrasts. A typical example is the photoreceptor 
cell in the processing of light intensity. In nature, the light intensities vary over a 
range of seven log units; by contrast, the range of the photoreceptor cells is only 
over three log units. Obviously, it is a headache for the cells to measure so wide 
a range of light intensity with so limited a response ability. However, the cells 
are capable of compressing the seven log units of light intensity into the gain 
variation of about three. The solution, suggested by Norman & Werblin (1974) 
and Laughlin (1981), is to use the photometric contrast as the encoded 
parameter. Our previous experiment, on the photoreceptor cells of the locust 
stimulated by light, in which the intensity was sinusoidally modulated, also 
reveals that the response contrast is nearly linearly dependent on the intensity 
contrast irrespective of the mean intensity. Apparently, all of the above facts are 
a indication that from the first stage of processing information, the cells start to 
encode contrast. Subsequent cells adapt in a similar way, to enable them to use 
their limited response range to deal with a wider range of signals. So, it is 
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possible that the visual system encodes contrast of various kinds at various stages 
from the beginning to the end of the information transfer. 
The ratio of the response contrast of the Hl and V2 to the velocity contrast of 
the stimulus keeps a constant value of approximately 0.60 + 0.09 in the transient 
response irrespective of the changes in velocity (Fig.4-13b ). Here, the response 
contrast is measured by dividing the peak transient firing frequency of the cells 
to the bar jump by the mean firing frequency at the level of responding to prior-
motion; the velocity contrast is measured by dividing the speed of jump by the 
speed of the prior-motion. This golden ratio, representing a relationship between 
the initial inputs and the eventual outputs, not only reveals what is the most 
significant signal the LFMD's should extract primarily - that is velocity contrast, 
but also tells how the cells respond to it - taking a constant ratio of 0.62 to the 
stimulus contrast. This ratio may be a common and practical rule serving all 
kinds of information processings, and perhaps other cells use it to deal with 
signals efficiently - without loosing and wasting, because any measure can be 
divided proportionally at this constant factor stage by stage for ever without 
distortion or disturbance; and the signals which are of little or no use in 
determining ultimate responses are reduced. 
Finally, the most critical support comes from the whole experiment of chapter 
five with sinusoidally-modulated moving sine-wave grating, the neuron measures 
velocity modulation with velocity contrast from 0.1 to 1.0 and modulation 
frequency up to 12 Hz, irrespective of contrast frequency, mean velocity, 
acceleration, and velocity modulation frequency in the steady response state. 
This result shows that the Hl neuron mainly abstracts the velocity modulation of 
the object movement from various other parameters. 
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The motion detection system works as a special kind of coordinate conversion. 
At the first stage, the EMDs transform all objects, which obviously are 
distributed in a real natural light-illuminance space, into a correspondent motion 
domain, which only displays the motion and direction - telling how big the speed 
is at a certain spatial position. Then, the 'objects' are converted further into a 
velocity contrast domain by the nerve-network, which is able to tell the positions 
and directions of the velocity changes. Now, we can clearly see the advantage of 
contrast measurement. By measuring velocity contrast, the unit motion detectors 
can concentrate their limited response ability to deal efficiently with the most 
useful signals - detecting the edges of moving objects, which can serve almost all 
aspects of the animal's visual responses. The reason is clear by considering a 
simple case. Supposing that a fly looks at a moving object against a relatively 
slower background. In the velocity contrast space, only those places where the 
edges of the moving object are located are significant, which means only around 
these places with motion contrast. In the other places, the velocity contrasts are 
simply equal to 0. Eventually, an object is only a closed circle at a certain place 
in the velocity contrast space. This measure, of course, enables the cells to 
reconstruct the outline of a moving object efficiently using just a few signals, but 
only for a moving object, and they cannot see a stationary object, an object in a 
picture, or a shadow on the ground. 
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